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ABSTRACT
The organization, fine structure and function of 
the excretory systems of Scrobi culari a plana  and Anodonta 
cygnea  were studied.
Ultrastructural evidence of a site capable of 
producing an ultrafiltrate of the blood, the initial stage 
of urine production, was found in the pericardial glands.
The glands, formed by extensive infolding of the auricular 
epicardium are lined by podocytes which form the filtration 
site. In the main species under investigation the peri­
cardial glands elaborated from the auricle expand into the 
palliai sinuses of the mantle. Conclusive evidence was 
found of openings from the lumen of the gland into the 
pericardium.
The pericardial glands of eight other species were 
also examined. Those of Corbicula manilensis, Polymesoda 
caroliniana f P. maritima, Dreissena polymorpha  and Mya 
arenaria  appeared similar. A similar arrangement was found 
in three species ; Nucula nucleus, Mytilus edulis  and Pecten 
maxi mus,  in which the gland is confined to the auricle 
(believed to be the primitive condition). In all species a 
highly ordered slit diaphragm bridges the filtration slits 
of the podocytes.
A comparative study of the anatomy and ultrastructure 
of the kidney of Scrobicularia  and Anodonta  was undertaken 
and the observations considered in relation to function and 
basic organization of the bivalve kidney.
Ferritin tracer experiments revealed selective uptake 
of ferritin from the blood in the pericardial glands and 
proximal limb of the kidney of scrobicularia.
A brief study of tidal influence on pericardial 
gland and renal activity of Scrobicularia  indicated that 
there is no synchronous activity or rhythm.
TABLE OF CONTENTS
TITLE PAGE 
ABSTRACT
TABLE OF CONTENTS 
LIST OF TABLES 
LIST OF FIGURES 
LIST OF PLATES
CHAPTER I - Introduction
CHAPTER II - Materials and Methods
CHAPTER III - The Renopericardial Complex of 
Scrobicularia plana  (da Costa).
Section 1.
2 .
3.
4.
5.
Erratum
The Pericardial Cavity 
The Heart 
The Kidney
The Pericardial Glands
Venous Pathways of the 
Renopericardial Complex
CHAPTER IV - The Renopericardial Complex of 
Anodonta cygnea  (Linné) - A 
Comparison with Scrobicularia plana
Section 1.
2 .
3.
4.
5.
CHAPTER V
Section 1.
2 .
The Kidney
Ventricle
Auricle
Pericardial Gland 
Ferritin Tracer Experiments
Comparative Observations on 
Pericardial Gland and Ultrastructure 
of the Heart.
Nucula nucleus  (Linne)
Mytilus edulis  Linne
Page
1
2
3
5
6 
8
13
38
39
61
61
77
105
133
146
147 
169 
173 
178 
185
191
194
210
(CONTENTS - Continued)
CHAPTER V — continued Page
Section 3.
4.
5.
6.
CHAPTER VI
CHAPTER VII -
CHAPTER VIII 
Section 1.
2 .
3.
4.
Pecten maximus  Linné
Corbicula manilensis  Philippi, 
Polymesoda caroliniana  (Bosc) and 
P. maritima  (Orbigny)
Dreissena polymorpha  (Pallas)
Mya a renari a Linné
Comparative Observations on the 
Ultrastructure of the Bivalve 
Filtration Site.
Brief Observations of Tidal Influence 
on Pericardial Gland and Renal 
Activity of Scrobicularia plana  (da 
Costa) .
- Discussion
The Location of the Bivalve 
Ultrafiltration site
The Ultrastructure of the 
Bivalve Pericardial Gland
i. The Cell Body
ii. The 'Filtration Membrane'
Tidal Influence on Pericardial 
Gland Activity
The Bivalve Kidney
i. Anatomical Organization
ii. Kidney Ultrastructure
ACKNOWLEDGEMENTS
APPENDIX
REFERENCES
219
230
237
240
247
268
273
274
291
298
311
312 
322
338
339
340
LIST OF TABLES
TABLE Page
Sources of species investigated in 
s tudy. 38
2. Scrobicularia plana  ; Histochemical
tests. 84
3. Scrobicularia plana  ; Designation of
pericardial gland inclusions. 125
4. Anodonta cygnea  ; Histochemical tests. 168
5. Position of the pericardial gland in
the species studied. 193
6 . Pericardial gland pedicel, slit-diaphragm
and basal lamina dimensions. 261
7. Dimensions of the pericardial gland slit-
diaphragm in Anodonta cygnea, Mytilus edulis 
and a 'generalized' bivalve. 264
8 . Bivalve kidney structure in relation to
the position of the pericardial cavity. 317
LIST OF FIGURES
FIGURE
Page
!• Tidal tank system.
2» Injection apparatus. if2
2* Scrobicularia plana  ; Tidal cycle
sampling times. 55
Scrobicularia plana  : Renopericardial
complex. 52
^' Scrobicularia plana  : Stereogram of
kidney. -^ 75
Scrobicularia plana  ; Simplified drawing 
of the junction complex between cells of 
the distal limb of the kidney. 99
7. Scrobicularia plana : Stereogram of
pericardial gland. I07
8 . Scrobicularia plana  : Pericardial gland
cell apical reticular network. 129
9. Scrobicularia plana  : Venous blood system. 137
10. Scrobicularia plana  : Kidney-ctenidial blood
circulation. 142
11. Anodonta cygnea  ; Renopericardial complex. 148
12. A comparison between the kidneys of Anodonta
cygnea  and Scrobicularia plana,  I58
13. Dimensions of a 'generalized* bivalve
pericardial slit-diaphragm. 263
14. Stereogram of the pedicel network of a
'generalized' bivalve. 266
15. Cellular stages of the pericardial gland
of Scrobicularia plana.  271
16. Development of the auricular and 'pericardial'
pericardial gland from the auricular 
epicardium. 279
17. Scrobicularia plana  : Circulation of blood
and pericardial fluid through the reno­
pericardial complex. 284
18. Anodonta cygnea  : Circulation of blood and
pericardial fluid through the renopericardial 
complex. 283
LIST OF FIGURES - continued
FIGURE
Auricular pericardial gland cells. 292
20. 'Pericardial* pericardial gland cells. 293
21. The auricular slit-diaphragm of the
prosobranch Viviparus. 301
22. A comparison between the glomerular 
pedicel/slit-diaphragm of the rat and
the pedicel/slit-diaphragm of the 'generalized* 
bivalve pericardial gland cell. 303
23. Cell junctions exhibiting features
similar to those seen in the bivalve 
pericardial gland slit-diaphragm. 304
24. Schematic diagram showing the possible 
development of a pericardial gland 
podocyte cell from a squamous
epicardial cell. 306
25. Morphology of the bivalve kidney. 314
26. Diagramatic comparison of the kidney 
ducts of Scrobicularia plana  and
Anodonta cygnea,  328
27. Diagramatic representation of the
development of the kidney of Mytilus 
edulis. 334
LIST OF PLATES
Scrobicularia plana
Page
PLATE 1 A.
B.
PLATE 2 A.
PLATE 3
B.
A-B
C-D
VENTRICLE
Ventricle and pericardial cavity 
(Light micrograph (LM)).
Epicardium (Transmission electron 
micrograph (TEM)).
Cut edge of epicardium (Scanning 
electron micrograph (SEM) ) .
Epicardium (SEM).
Epicardium (TEM)
Epicardial cell junction (TEM).
AURICLE
PLATE 4 A-B Auricle and pericardial cavity (LM) ,
PLATE 5 A-B Epicardium (TEM).
C. Epicardium (SEM).
PLATE 6 A. Epicardium (TEM).
B. Epicardial cell junction (TEM).
PLATE 7 A-B Atypical epicardium (LM).
KIDNEY
PLATE 8
PLATE 9 
PLATE 10 
PLATE 11 
PLATE 12
A.
B.
A-B
A-B
A.
B.
PLATE 13 A.
B.
Renopericardial opening (SEM).
Genital opening 6EM).
Renopericardial opening and canal (LM). 
Proximal limb (LM).
Proximal limb (LM).
Apical border of proximal limb (TEM). 
Basal border of proximal limb (TEM).
Proximal limb epithelial cell 
junction (TEM).
Apical cytoplasm of proximal limb (TEM)
65
66 
67
73
74
73
76
81
82
86
87
88
89
9LIST OF PLATES - continued
KIDNEY (continued)
Page
PLATE 14 Ferritin uptake in the proximal limb
(TEM) . 92
PLATE 15 A-D Ferritin uptake in the proximal limb
(TEM). 93
PLATE 16 A-B Distal limb (LM). 96
PLATE 17 A. Distal limb (SEM). 97
B. Distal limb (SEM).
PLATE 18 A. Distal limb epithelial cell junction
(TEM).
B. Apical cytoplasm of distal limb (TEM) .
C. Distal limb epithelial apical vacuole
(TEM).
D. Basal border of distal limb (TEM) 98
PLATE 19 A-C Ferritin uptake in the distal limb (TEM). 102
PLATE 20 A-B Kidney opening (LM) 
PERICARDIAL GLAND
104
PLATE 21 A-B Pericardial gland (LM). 109
PLATE 22 A-B Pericardial gland (LM). 110
PLATE 23 A-B Plastic injection replica of duct 
system (Camera macrophotographs (CM)). 113
PLATE 24 A-B Etched wax section (SEM). 116
PLATE 25 A-B Pericardial gland and auricle (LM) . 117
PLATE 26 A.
B.
Gland lobule (LM). 
Gland lobule (TEM). 120
PLATE 27 A.
B.
C.
Gland cell pedicels (TEM).
Gland cell desmosome (TEM). 
Gland cell apical region (TEM) .
D. Gland cell lipofuscin-like inclusion (TEM).121
PLATE 28 A-B Glandular variations between animals (LM) . 123
PLATE 29 A-B Glandular inclusions (TEM). 127
PLATE 30 A-B Glandular inclusions and smooth 
endoplasmic reticulum (TEM).
128C. As A & B etched resin section (SEM).
10
LIST OF PLATES - continued
pericardial gland (continued)
PLATE 31 A-D Ferritin uptake (TEM).
PLATE 32 A-D Ferritin uptake (TEM).
BLOOD SYSTEM
PLATE 33 A-B Relationship between kidney and 
ctenidial blood spaces (LM).
Page
133
134
I4l
Anodonta cygnea
PLATE 34 A.
PLATE
PLATE
PLATE
PLATE
B.
35 A.
B.
36 A. 
B.
37
38 A. 
B.
PLATE 39 A.
PLATE
PLATE
B.
40 A.
B.
41 A.
B.
KIDNEY
Pericardial cavity dissection showing 
renopericardial openings and peri­
cardial gland openings (CM).
Renopericardial canals (CM).
Section through pericardial cavity 
showing right & left kidneys (CM) .
Section through renopericardial 
openings (CM).
Interconnection between right and 
left distal limbs (CM) .
Dissection of proximal limb (CM),
Proximal limb epithelium (TEM).
Proximal limb epithelial basal 
infoldings (TEM).
Apical border of proximal limb 
epithelium (TEM).
Section through proximal and distal 
limbs (LM).
Distal limb epithelium (TEM).
Distal limb epithelial cell junction 
(TEM).
Distal limb vacuolated cell (TEM).
Apical surface of distal limb 
epithelium (SEM).
Apical surface of proximal limb 
epithelium (SEM).
151
133
136
161
162
165
166
167
11
LIST OF PLATES - continued
Page
VENTRICLE
PLATE 42 A. Epicardium (TEM).
B. Epicardial extracellular spaces (TEM).
PLATE 4 3 A. Epicardial extracellular spaces (TEM).
B. Epicardial cell junction (TEM).
AURICLE
PLATE 4 4 A. Epicardium (SEM).
B. Ventricular epicardium (cf. A) (SEM).
PLATE 45 A. Epicardium (TEM).
B. Epicardial cell junction (TEM).
PERICARDIAL GLAND
PLATE 46 A. Gland lobule (TEM).
B. Gland lobule (SEM).
PLATE 47 A. Gland cell (TEM).
B. Gland cell crystalline concretion (TEM)
C. Crystalline concretion in lumen (TEM).
FERRITIN UPTAKE
PLATE 48 A-B Pericardial gland (TEM).
PLATE 49 A-B Amoebocytes present in pericardial
gland (TEM).
PLATE 50 A-B Kidney (TEM).
171
172
175
177
181
182
185
186 
189
Nucula nucleus
HEART
PLATE 51 A. Dissection of pericardial cavity to show 
the heart (SEM).
B. Ventricle (SEM).
C. Auricle (SEM).
197
PLATE 52
VENTRICLE
'Rounded' ventricular epicardial cell 
(TEM) . 200
12
LIST OF PLATES - continued
VENTRICLE (continued)
PLATE 63 A. Heart dissected from pericardial 
cavity (SEM),
B. Auricle (SEM).
Page
PLATE 53 A. Epicardial cell junction (TEM).
B. Squamous epicardial cell (TEM). 201
PLATE 54 A. 'Rounded' ventricular epicardial cell 
(TEM).
B. Musculo-epicardial cell (TEM). 
AURICLE/AURICULAR PERICARDIAL GLAND
202
PLATE 55 A-B Epicardium/pericardial gland (TEM). 203
PLATE 56 A-B Epicardium/pericardial gland (TEM). 206
PLATE 57 A-B Epicardium/pericardial gland (TEM). 208
PLATE 58 A.
B.
Epicardial/pericardial gland pedicels 
(TEM).
Epicardial/pericardial gland cell
body (TEM) . 209
Mytilus edulis
HEART
PLATE 59 A. Pericardial cavity dissected to show 
heart (SEM).
B, Auricle (SEM).
C. Ventricle (SEM) . 213
AURICLE/AURICULAR PERICARDIAL GLAND
PLATE 60 A-B Epicardium/pericardial gland (TEM). 21?
PLATE 61 A-C Epicardial/pericardial gland cell
junctions (TEM) , 2l8
PLATE 62 A-B Epicardial/pericardial gland cell
body (TEM). 221
Pecten maximus
HEART
224
13
LIST OF PLATES - continued
AURICLE/AURICULAR PERICARDIAL GLAND
Page
PLATE 64 A-B Epicardium/pericardial gland (TEM).
C. Oval cell underlying epicardium 
(TEM) . 227
PLATE 65 A-C Oval cell underlying epicardium 
(SEM) .
Corbicula manilensi s
229
PLATE 66 A. Auricular epicardium (TEM) .
B. 'Pericardial' pericardial gland (TEM). 
Polymesoda caroliniana
232
PLATE 67 A. Auricular epicardium (TEM).
B. 'Pericardial' pericardial gland (TEM). 
Polymesoda maritima
234
PLATE 68 A. Auricular epicardium (TEM).
B. 'Pericardial' pericardial gland (TEM). 
Dreissena polymorpha
236
PLATE 69 A. Dissection of pericardial cavity to 
show the heart (SEM).
B. Auricle (SEM) . 239
PLATE 70 A. Position of 'pericardial' pericardial 
gland in relation to the auricle (SEM).
B. Torn surface of 'pericardial' 
pericardial gland (SEM). 242
PLATE 71 A-B 'Pericardial' pericardial gland (SEM). 243
PLATE 72 A. Auricular epicardium (TEM).
B. 'Pericardial' pericardial gland 
lobule (TEM).
PERICARDIAL GLAND PEDICEL NETWORK (TEM)
243
PLATE 73 A-B Anodonta cygnea. 230
PLATE 74 A-B Mytilus edulis. 231
PLATE 75 A-B Scrobicularia plana. 232
i4
LIST OF PLATES - continued
PERICARDIAL GLAND PEDICEL NETWORK (TEM)
Page
PLATE 76 A-B Dreissena polymorpha.  233
PLATE 77 A-B Polymesoda caroliniana. 234
PLATE 78 A-B Polymesoda maritima, 233
PLATE 79 A. Nucula nucleus,
B. Mya arenaria,  237
PLATE 80 A. Pecten maximus  auricular pericardial gland.
B. Pecten maximus  oval cell. 239
13
C H A P T E R
16
INTRODUCTION
In any study of the molluscan excretory system, 
which in this instance is confined to that of the bivalves, 
the organs constituting the renopericardial complex - the 
pericardial glands, heart and kidneys, must be considered 
as a functional unit.
Early studies beginning in the nineteenth century 
have described the anatomy and histology of the constituent 
organs and provided a basis for present day research. Much 
of this early work has been detailed in the comprehensive 
review on molluscan excretion by Potts (1967).
The role of the heart in the excretory process has 
been debated in the past, particularly that of the ventricle 
as the site most likely to be capable of producing an 
ultrafiltrate of the blood as the first step in urine 
formation. The classical view of the excretory process was 
until very recently considered to be that of an ultrafiltrate 
of the blood forming in the pericardial cavity (Picken, 1937) 
as a result of filtration across the ventricular epicardium. 
The primary urine thus formed collects in the pericardial 
cavity from where it drains into the kidneys by way of the 
paired renopericardial canals. During its passage through 
the kidney the primary urine is modified by processes of 
resorption and secretion to form the final urine voided 
through the kidney opening into the supra-branchial exhalant
17
spaces of the mantle cavity.
This view has to a large extent been based on 
certain assumptions arising from the anatomical contiguity 
of the component organs of the renopericardial complex.
The advent of physiological studies on the functioning of 
the sequence of events did not resolve the problem concerning 
the role of the ventricle in ultrafiltration. It is accepted 
that pericardial fluid (primary urine) collects in the 
pericardial cavity. This was demonstrated in the open 
pericardium of Anodonta  by Picken (1937) and later in the 
intact animal by Potts (1954) using inulin clearance. What 
remained uncertain however was just how and where it was 
originating from.
Potts (196 8) outlined two main criteria that must
be fulfilled before ultrafiltration can proceed :-
1) the hydrostatic pressure of the blood should exceed
colloid osmotic pressure of the blood at the site
of filtration.
2) At the site of filtration there should be a membrane 
permeable to water and small solute molecules but 
impermeable to proteins.
On considering the first criterion in relation to 
bivalves then the ventricle is a prime candidate for a 
filtration site since in an open circulatory system it is 
probably the organ in the renopericardial complex able to 
generate the highest blood pressure at ventricular systole.
18
Measurements by Picken indicated that the pericardial fluid 
and blood were isotonic and therefore ventricular systole 
could well provide the impetus necessary for filtration. 
Further work on ventricular hydrostatic pressures of other 
bivalves (Smith & Davis, 1965; Trueman, 1966) has suggested 
that the pressures involved might be sufficient to bring 
about filtration. Pierce (1970) however, using more refined 
techniques measured the blood and pericardial fluid osmotic 
pressures of Modiolus  and found the blood to be significantly 
hyperosmotic to the pericardial fluid. Then using published 
data for bivalve blood pressures and his own records for 
osmolarity concluded that ultrafiltration across the 
ventricular epicardium in Modiolus  and probably in other 
bivalves would be impossible. Further osmotic measurements 
by Tiffany (1972b) also supported this view.
The situation is further confused by Florey and 
Cahill (1977) who questioned Pierce's and Tiffany's conclusions 
since their arguments were based on a questionable assumption 
that the difference in osmotic pressure of blood and peri­
cardial fluid is due to a colloid osmotic pressure without 
taking into account that the ventricle might be permeable 
to electrolytes and small molecules present in both blood and 
pericardial fluid. Further direct measurements of colloid 
osmotic pressure by Mangum and Johansen (19 75) have shown 
the values to be significantly lower than those of Pierce 
and Tiffany. Assuming the colloid osmotic pressure to be 
low then Florey and Cahill (1977) and Mangum and Johansen
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(19 75) have argued that even in a low pressure system then 
ultrafiltration is not impossible.
The fact still remains though that nothing in the 
published literature proves that ultrafiltration occurs 
across the ventricular epicardium. The role of the ventricle 
however begins to look even more doubtful with the discovery 
of ultrastructural evidence of a kind that fulfills Potts' 
second criterion. Pirie and George (1979) have demonstrated 
that the auricular pericardial glands of Mytilus  fulfil 
the structural requirements set out by Potts and first 
demonstrated in the mammalian glomerulus (reviewed by 
Farquhar, 1978) . Since most work on the structure and 
function of filtration sites has centred on the mammalian 
condition it is this that tends to be used as a standard 
with which all other systems are compared. The general 
features common to all filtration/resorption systems have 
been reviewed by Kümmel (19 65) and Kirschner (19 67).
In molluscs as in other groups the filtration 
site is typified by the presence of a specialized epithelium 
of podocyte cells. The podocytes have extensive basal 
branches, or pedicels, which interdigitate with similar 
processes from neighbouring cells to form a 'sieve-like' 
membrane which overlies a continuous basal lamina. The 
pedicels are separated by a regular gap, the filtration-slit. 
In the mammalian glomerulus the filtration-slit is bridged 
by tooth-like projections which constitute the slit-diaphragm
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(Rodewald & Karnovsky, 1974). Viewed in longitudinal section 
along the length of the pedicels the diaphragm resembles a 
ziP"f&stner with teeth linking adjacent pedicel membranes to 
form a series of alternating rectangular pores.
Molluscan podocytes have so far been identified in 
polyplacophorans (0kland, 1980), gastropods (Andrews & Little, 
1971, 1972; Andrews, 1976a, b, 1979, 1981; Boer, Algera & 
Lommerse, 1973; Boer & Sminia, 1976; 0kland, 1982), bivalves 
(Pirie & George, 1979) and cephalopoda (Schipp, Hôhn & Schafer, 
1971; Witmer & Martin, 1973; Schippft von Boletzky .,
1975; Schipp & Hevert, 1981). Contrary to expectations the 
auricle or its derivative the pericardial gland appears to be 
the major, or often, only site of filtration. The only 
exception recorded so far is that of the gastropod Poteria 
(Andrews & Little, 1971, 1972) in which podocytes occur in the 
ventricle as well as the auricle. A further variation from the 
basic plan also occurs in cephalopoda where the filtrate is 
of venous blood.. This occurs in the branchial heart appendages 
(pericardial glands) which have been thought of as homologues 
of the bivalve pericardial glands (Martin, 1975).
In the mammalian context most studies have been 
directed towards identifying the exact nature of the filtration 
L^^^isr and in particular whether it is the basal lamina, 
slit-diaphragm or possibly both. Early work (Rodewald & 
Karnovsky, 1974) using the relatively large molecular tracer 
ferritin (m.w. 462,000) indicated that the basal lamina was
21
the primary barrier. However, by using peroxidatic tracers, 
horseradish peroxidase (m.w. 44,000) and human myeloperoxidase 
(m.w. 160,000) Karnovsky and Ainsworth (1972) had concluded 
that the slit-diaphragm was the main filter aind the basal 
lamina was only a coarse pre-filter to retain molecules 
> lOnm in size. It was recognised however that the system 
they had described was in some respects the 'wrong way round' 
with the fine filter separated from the blood by a coarse 
filter which could in turn hinder further filtration by the 
formation of a stagnant layer. If the system was reversed 
however with the fine filter adjacent to the blood then the 
blood flow might provide a stirring effect and so prevent 
stagnation.
Later work by Farquhar (1978, 1980) has clarified 
the earlier work by the use of graded dextrans. Localization 
of endogenous albumins, IgG, cationized ferritin and lysozyme, 
all of which indicate that the basal lamina is the main 
barrier based on both size and charge. The earlier differences 
found with peroxidatic tracers was explained onthe basis that 
the majority of such tracers are cationic proteins which 
tend to bind to glomerular components such as the slit- 
diaphragm which is covered by the cell glycocalyx which 
contains acid mucopolysaccharides with anionic groups 
(Karnovsky & Ainsworth, 19 72; Latta, 19 80).
By comparison with the mammalian work studies of 
invertebrate ultrafiltration sites, in particular those of 
the molluscs are rather limited. None of the investigations
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has attempted to ascertain the actual filtration barrier to 
the degree that has been sought in the mammalian condition.
The structure of the slit-diaphragm between pedicels has 
only been described in detail in the prosobranch viviparus 
viviparus  (Boer & Sminia, 1976; Andrews, 1979). In this 
instance the diaphragm appears significantly different from 
that in the glomerulus, being a double structure instead of 
a single one. The presence of diaphragms in other species 
has not been clarified. Witmer and Martin (1973) found 
evidence of a partial diaphragm-like structure in the 
cephalopod Octopus dofleini martini  formed from a substructure 
of what was termed 'round elements'. The structure was not 
resolved at high magnifications. Moore, Bubel and Lowe (1980) 
could not find any clear evidence of a slit-diaphragm in 
Mytilus.  A similar finding was found in the chitons 
examined by 0kland (1980).
Ultrastructural evidence is thus beginning to mount 
from the four major classes of molluscs against the ventricle 
as the main site for ultrafiltration in the phylum. In 
gastropods and bivalves in particular, the auricle and its 
^027ivative the pericardial gland has been shown to have the 
ultrastructural features generally accepted as typical of 
filtration sites.
It is for this reason that in this study emphasis 
has been placed on the structure of the pericardial glands 
in bivalves at the ultrastructural level, paying particular
23
attention to the pedicel/basal lamina complex.
The pericardial glands, first named in bivales by 
Grobben (1888) are glandular areas of tissue that spread 
over the surface of the auricles and extend into the mantle. 
They may be restricted to one or other site. They were 
initially described some years earlier by Keber who examined 
the gland in the mantle of the swan mussel Anodonta. The 
pericardial gland or Kebers' organ was the subject of an 
extensive anatomical and histological study by White (19 42) 
who examined some 47 bivalve families encompassing 87 species. 
White considered the glands situated in the auricle (auricular- 
pericardial glands) as representing the primitive condition. 
Grobben (1888) previously considered the glandular lobes of 
the auricle to be auricular derivatives. The glands occurring 
in the mantle, 'pericardial' pericardial glands (White,
19 42) appear to be more advanced consisting of a ramyifying 
network of tubules. White, in accordance with some of the 
earlier workers described openings from the 'pericardial' 
pericardial glands into the pericardial cavity. There 
remains however some dispute as to whether such openings 
exist since some authors (Kato, 1960b) considered the 
early findings to be artefacts. It is important that the 
controversy be resolved, since the openings would provide an 
escape route for the numerous cellular inclusions known to 
contain a variety of substances such as urea, allantoin, 
creatine, uric acid, bilirubin and salts of hippuric acid 
(Potts, 1967) which are shed into the lumen of the gland. In
24
view of the recent findings suggesting a role in ultra­
filtration, openings from the gland would also be important 
for the release of the filtered pericardial fluid. It is 
however the cellular inclusions that have preoccupied most 
workers in the past. If openings from the gland do not 
exist it has been proposed(Cuenot, 1899, Kato, 1960b) that 
phagocytes might be responsible for the removal of inclusions, 
presumably picked up from the gland lumen, and removed through 
the epithelial walls of either the palps, gills, gut or 
kidney epithelium. A further feature of the gland that 
attracted the attention of the early workers was the ability 
of the gland cells to abstract and concentrate dyes injected 
into the blood. Morton (1969a, b) more recently has shown 
the gland cells of the zebra mussel Dreissena polymorpha  to 
be capable of concentrating colloidal graphite that had been 
fed to the animal. The exact pathway of the graphite from 
ingestion to the gland was however unclear. Moore et al.
(19 8 0) continuing the ultrastructural investigation of the 
auricular glands of Mytilus  have also confirmed the ability 
of the cells to abstract material from the blood. Using 
horseradish peroxidase as a tracer they have shown the cells 
to possess highly developed lysosomal-vacuolar systems 
capable of degrading material removed from the blood. Material 
so accumulated is lost from the cells by apocrine and 
possible merocrine secretion into the lumen of the gland and 
hence to the pericardial cavity.
Summing up the role of the pericardial glands in
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the excretory process it is apparent that at least two 
functions are performed
1. The auricular glands are structurally developed 
as a site for ultrafiltration of the blood. They 
therefore perform the first step in the excretory 
process forming the primary urine.
2. The cells of the gland are also capable of 
abstracting, concentrating and possibly degrading 
material taken up from the blood. Material taken 
up in this manner may be stored and eventually 
lost from the cells by a variety of secretory 
processes into the pericardial cavity.
Before going on to deal with the kidney and its 
role in the excretory system some mention of the heart must 
be made. It is apparent from the foregoing introduction 
that the role of the heart in the excretory process has been 
somewhat overshadowed by the new interest being shown in the 
pericardial glands. In fact studies of the bivalve heart 
are very limited, particularly the histological aspects. 
Narain (1976) has reviewed the literature which mainly 
deals with the cardiac musculature. The wall of the heart 
was however described by Motley (1933) who noted the absence 
of an endothelial lining. He also described the ventricular 
gpicardium of nine spscies of North American fresh water 
mussel - a compact epicardium composed of columnar cells of
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varying height. Mucous cells were also recorded in the 
epicardium secreting their contents into the pericardium.
The final organ , of the renopericardial
complex to be covered in this study is the kidney. The 
anatomy and histology of the bivalve kidney or organ of 
Bojanus as it is also known has been extensively examined 
using optical techniques. The early work in this field 
has been reviewed by Odhner (1912), Turchini (1923) and more 
recently by Franc (1960), Potts (1967, 1968) and Tiffany 
(1972a). Odhner's work however remains the most comprehensive 
study of the anatomy and to a lesser extent the histology 
of the kidney, encompassing 35 bivalve families.
The kidneys are developed from paired coelomoducts 
that drain the pericardium to the supra-branchial chambers 
of the mantle cavity.
The paired kidneys appear identical in structure 
and can be divided into at least four recognizable regions 
in most species. A short ciliated duct, the renopericardial 
canal leads from the funnel-shaped renopericardial opening 
in the pericardium into the kidney sac. The position of the 
renopericardial opening is somewhat variable (Odhner, 1912) 
and may occur at the anterior end of the pericardial cavity 
as in Anodonta,  or more posteriorly as in Scrobicularia.
The position of the kidney varies with that of the renoperi- 
cardial opening. In species with an anterior renopericardial 
opening the kidney tends to extend posteriorly ventral to
27
the pericardial cavity to the posterior adductor muscle.
If the renopericardial opening is posterior the kidneys tend 
to lie between the posterior end of the pericardial cavity and 
the posterior adductor muscle.
The kidney sac (with few exceptions) develops from a 
straight duct into a 'U-shaped' form, bending back upon 
itself as the duct lengthens (Raven, 1958). As a result of 
the bend in the duct the kidney sac may be divided into two 
regions which tend to show distinct morphological, anatomical 
and histological features. The branch of the duct directed 
posteriorly from the renopericardial canal has been termed 
the proximal branch or limb, whereas the part of the duct 
after the bend that is directed anteriorly is the distal 
branch or limb (Odhner, 1912). The exceptions to the above 
pattern are found amongst the protobranchs, heteromyarian 
forms and highly modified forms as exemplified by Teredo.
In protobranchs such as Nucula nucleus  (Burne, 1903) 
the kidney duct is directed forward and bends posteriorly.
The duct cannot be differentiated into two regions on a 
histological basis since only one type of cell is present 
along its whole length. The cells are ciliated and columnar 
in shape containing vacuoles and a few concretions.
In Pecten  (Dakin, 1909) the kidneys form a straight 
duct that is not bent back upon itself. A single cell type 
of a similar form to that seen in Nucula  occurs along the 
whole length of the duct.
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The kidney typified by Mytilus  (White, 1937) is 
again in that it extends the length of the body 
ventral to the pericardial cavity between the labial palps 
and the posterior adductor muscle. The renopericardial 
canal opens into an elongated straight (antero-posterior) 
kidney sac opposite the kidney opening. Only one type of 
epithelial cell has been described in the renal epithelium.
A final variant may be found in highly modified 
boring species such as Teredo.  In this instance the kidney 
is directed forward in a position similar to that of the proto­
branchs. The kidney differs however in that the proximal and 
distal limbs differ histologically with an excretory 
epithelium lining the distal limb while the proximal limb 
appears to be ciliated (Odhner, 1912).
Excretory cells in bivalves and molluscs in general 
are typified by the presence of a conspicuous apical vacuole 
or vacuoles (Potts, 1967). In bivalves the vacuoles often 
contain concretions of solid material. The nature of the 
concretion varies in different species examined. Amorphous 
calcium phosphates (Doyle, Blake, Woo & Yevich, 1978; Tiffany, 
1979; George, Pirie & Coombs, 19 80), melanin (Kato, 1960a) and 
metals such as iron and zinc (George, Pirie & Coombs, 1976;
Lowe & Moore, 1979; George & Pirie, 1980) have all been identified 
in the excretory cells of some bivalves. The function of these 
concretions has been considered in some species. The build-up 
of metals in species such as Mytilus  has been interpreted by
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George and Pirie (19 8 0) as indicating a detoxification 
process.
In the majority of species (Odhner, 1912) the 
excretory cells are located in the distal (anteriorly directed) 
limb of the kidney as in Scrobicularia,  The wall of the 
distal limb in these instances tends to be developed into 
numerous vascular folds which increase the surface area of 
this part of the kidney. In contrast the proximal limb is 
lined by a ciliated epithelium without vacuoles and the walls 
are unfolded (smooth).
A variation on the above pattern occurs in the 
Unionidae as represented by Anodonta  (Odhner, 1912; Fernau, 
1914) and Corbiculidae as seen in Corbicula japonica  (Kato,
19 60a). In these species the proximal limb is greatly modified 
by extensive folding of the wall into a dense spongy region of 
the kidney. In contrast the distal limb is expanded into a 
simple smooth-walled sac that is often termed a bladder.
Odhner (1912) found the cells of both limbs to have several 
features in common. Excretory cells occur in both limbs 
along with ciliated cells. He described the kidney as having 
a "peculiar construction" with "several characteristics 
untypical", that made comparisons with other species difficult.
Unfortunately Odhner's doubts about Anodonta  appear 
not to have been followed up since it tends to be held as an 
example of the bivalve kidney with which others are compared 
(Potts, 1967). Tiffany (1972a, 1974) however has carried the
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example of Anodonta  a stage further in using it as the basis 
for describing the anatomy of 14 species of marine bivalves 
from 12 families. He stated that the kidneys are composed 
of two parts : a proximal glandular region and a distal 
bladder region. An ultrastructural investigation was
out on one of the species, Mercenaria campechiensis, 
The "glandular" portion of the kidney was found to be composed 
of columnar epithelial cells resembling the excretory cells 
of Lymnaea stagnalis  (Bonga & Boer, 1969) . The cells also 
possess a brush border of microvilli and numerous cilia. 
Apically smooth endoplasmic reticulum is well developed 
whereas basally the cell membranes are invaginated and mito­
chondria are abundant. Odhner (1912) however had also 
examined some species of the family Veneridae that includes 
Mercenaria. He described the kidney as the typical form with 
tubular proximal limb and expanded distal limb. . It is clear 
therefore that Tiffany (1974) has described the proximal limb 
and not the 'glandular' (taken as excretory) region which he 
has mistakenly assumed to be the proximal glandular limb as 
represented by Anodonta.
The only other ultrastructural studies of bivalve
kidneys dealing with anatomy and histology are those of Pirie 
and George (1979) who examined the kidney of Mytilus edulis 
and George et al. (1980) who examined Pecten maximus.  In the 
case of Mytilus  the kidney sac was found to be lined with 
a single cell type. The cells are typically columnar and 
contain three types of vesicle which were thought to represent
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lysosomes, autophagic vacuoles or residual bodies and a third 
undetermined type which appears devoid of contents. The cell 
nuclei tend to be basally located, together with congregations 
of mitochondria along a finely infolded basal membrane. The 
cells possess a brush border and cilia. Apocrine secretion 
was also noted in some parts of the kidney. The description 
of the kidney sac of Pecten  was found to be similar to that 
of Mytilus.
The anomalies in the literature can therefore be 
accounted for, and in summary it can be concluded that the 
bivalve kidney conforms to a basic plan ; renopericardial 
duct, kidney sac, which may or may not be divided into 
proximal and distal limbs and a distal excretory duct leading 
to the kidney opening. In Mytilus  Pirie and George (1979) 
found the distal excretory duct to be lined with a single 
layer of columnar epithelial cells possessing long cilia.
The foregoing introduction has outlined the present 
state of the knowledge of the bivalve kidney. It has 
become clear that very few species have been investigated 
thoroughly at the ultrastructural level. Mytilus  and Pecten 
represent fairly atypical species which are difficult to use 
as a basis for comparison with other more typical bivalves.
The work of Tiffany (1972a, 1974) is confused particularly at 
the anatomical level which casts doubts on the interpretation 
of the ultrastructural studies.
It has become apparent therefore that there is a
32
need for more ultrastructural work to be carried out on a 
representative species with a more typical renal organization.
In this study the estuarine bivalve Scrobicularia plana  (da 
Costa) has been chosen to fulfil this need (Table 1). In 
many ways Scrobicularia  is highly specialized (Yonge, 1949) 
for a deposit feeding mode of life under conditions of 
varying salinities (Freeman & Rigler, 1957). It does 
however appear to have a fairly typical kidney arrangement 
as described by Odhner (1912) which might prove to be a 
more useful basis for comparison than the species previously 
described.
Before undertaking an ultrastructural investigation 
the kidney and renopericardial complex as a whole must be 
examined thoroughly at morphological, anatomical and histol­
ogical levels. This has been undertaken using dissection, 
injection and sectioning techniques to enable a clear 
structural background to be built up before proceeding to the 
ultrastructural aspects of kidney organization.
The fine structure of the kidney of Anodonta cygnea 
(Linné) has also been studied (Table 1), taking it to be 
highly specialized for a freshwater existence, and with the 
intention of correlating ultrastructure with physiological 
adaptations (Potts & Pary, 1964). Measurements of the urine 
in the bladder have shown it to have 60% of the osmotic 
concentration of the blood (Picken, 19 37) and a reduction of 
chloride ions to 55% (Florkin & Duchateau, 1948). Identification 
of a transporting epithelium (Berridge& Oschmann, 1972)
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within the kidney would indicate the site of ion transport 
and thus enhance the understanding of kidney function.
At the outset of this study the ultrastructure of the 
bivalve renopericardial complex was the prime concern. In 
the case of Scrobicularia  and to a lesser extent Anodonta  this 
has been carried out in some detail encompassing the ultra­
structure of the pericardial glands, heart and kidneys. The 
discovery of podocytes in the pericardial gland, quite 
independently from the work of Pirie and George (1979), 
caused some change in emphasis as the work proceeded.
Particular attention has been given to the structure of 
pericardial glands in several other species (Table 1), the 
kidneys of which were not examined. The pericardial glands 
alone have been studied in Nucula nucleus  (Linné) as a 
representative of an archaic, although probably highly 
specialized group. Mytilus edulis  Linné and Pecten maximus 
(Linné) were chosen as representatives with auricular peri­
cardial glands. Corbicula manilensis  Philippi, Polymesoda 
caroliniana  (Bose) and P . maritima  (Orbigny) were kindly 
supplied by Prof. Michael Greenberg of Florida State Univer­
sity as a closely related group of species representative 
of freshwater, estuarine and marine environments respectively. 
Thus possible correlations between changes in pericardial 
gland and different environmental regions could be investigated, 
My a arenaria  Linné was only briefly examined as another 
estuarine inhabitant. Finally the freshwater zebra mussel 
Dreissena polymorpha  (Pallas) was also examined as a parallel
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to the heteromyarian condition shown in Mytilus.  This 
species is also of interest as a recent introduction into 
freshwater.
In addition to the main study outlined above a 
brief investigation has been carried out on the influence 
of the tidal cycle on the activity of the pericardial gland 
and kidney of Scrobicularia.
The influence of the tide has been shown to regulate 
the feeding and digestive process of numerous molluscs.
Morton (1956) described regular changes in the 
crystalline style and digestive gland of the intertidal 
bivalve Lasaea rubra.  McQuiston (1969) also working on 
Lasaea  found the tubules of the digestive gland to be di­
phasic in activity with roughly half involved in digestion 
while the remainder regenerated ready for the next tidal 
phase. Similar close correlations have also been described 
in Cardium edule  (Morton, 1970) and Littorina saxatilis 
(Boghen & Farley, 19 74). The correlation was not found 
however in L. littorea  which occurs at a lower level on the 
shore (Merdsoy & Farley, 1973). In this instance it was 
thought that the lapse in time between feeding and non­
feeding was not great enough to impose a rhythm on the 
digestive gland. Individuals consequently exhibit different 
phases of the digestive cycle regardless of the state of 
the tide.
The major influence of the tide is that it enables
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the full feeding potential of an intertidal animal to be 
realized. The digestive process is consequently geared to 
synchronize with the availability of food resources. Similar 
synchronous activities have been described in species which 
are not under tidal influence. In Dreissena  for instance 
Morton (1969b) has shown that the digestive processes are 
correlated with a circadian rhythm of activity and quiescence.
The work described so far has dealt only with the 
synchronous activity of the digestive gland. In this study it 
is the next step in the process - excretion that is of interest, 
Morton (1969b) in his work on Dreissena,  described the stages 
of activity in the digestive gland, one of which, towards the 
end of the non-feeding quiescent period, was the removal of 
waste products from the digestive gland by amoebocytes, to 
the pericardial gland cells for excretion. It is interesting 
therefore to speculate whether the pericardial gland shows 
synchronous activity. If it does it might be expected to be 
'two steps' removed from the tide cycle following on from the 
digestive cycle.
Investigation of such activity in Scrobicularia  may 
however prove negative since it has been shown that Scrobicul­
aria is active even at low water provided that the water table 
covers the animal's burrow (Hughes, 1969; Earll, 1975). The 
results of this investigation must be treated with caution in 
view of this possible complication.
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C H A P T E R  I I
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MATERIALS AND METHODS
1. ANIMALS
The species studied in the investigation are listed 
with their source of supply in Table 1. All the species with 
the exception of Scrobicularia plana  and Anodonta cygnea  were 
examined or processed for histological or ultrastructural 
purposes within a week of arrival.
Marine species were housed in polythene tanks supplied 
with aerated recirculated seawater (a mixture of artificial 
and natural seawater).
An isolated system containing 10% seawater (diluted 
with glass distilled water) was used to keep Polymesoda 
caroliniana  under conditions similar to that of its natural 
habitat.
The freshwater species were maintained in tanks 
supplied with aerated London tap water. In the case of 
Anodonta  a concentrated solution of Chlorella  sp. (supplied 
by the Culture Centre of Algae and Protozoa, Cambridge) was 
periodically added to the water.
As the main species studied, a permanent supply of 
Scrobicularia  were maintained in a purpose-built automatic 
tidal tank (Fig. 1) with a 4 hour highwater phase and an 
8 hour low water period matching the conditions observed at 
the collecting site. The tank was filled with mud from the
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collecting site to a depth of 15 - 20cm. Additional fresh 
mud was added periodically to the tank to renew the organic 
content of the surface sediment along with weekly concentrates 
of Dunaliella tertiolecta  (supplied by the Culture Centre of 
Algae and Protozoa, Cambridge) cultured in Miguel Allen's 
seawater medium (Allen and Nelson, 1910). The animals showed 
normal patterns of behaviour in the tank forming characteristic 
'star-shaped' feeding marks with the inhalant siphons on the 
surface mud at low water (Hughes, 1969). During the high- 
water phase the inhalant siphons were often observed directed 
upwards away from the mud surface into the covering water in 
a suspension-feeding mode (Green, 1967; Hughes, 1969). The 
tidal tank along with tanks housing the other species were 
kept in a purpose-built aquarium room maintained at a 
constant temperature of 14°C and with a 12 hour light-dark 
period.
2. ANATOMY
The anatomy of the renopericardial complex of 
Scrobicularia  and to a lesser extent some of the other species 
was studied using a variety of complementary techniques from 
which an overall picture of the structure was formed.
Information was obtained from dissection of fresh 
and formalin-preserved specimens. To reduce damage to the 
tissue from dissection some specimens were fixed in 10% 
formalin for 2 days, washed in running tap water for a
41
further 2 days and then, after removing the shell valves, 
placed in a 10% gelatin solution at 37°C in an oven and 
left to infiltrate for another 2 days. Finally the animals 
were placed in a dish containing the gelatin solution and 
allowed to set in a fridge at 4°C. Once set the gelatin 
blocks were hardened (and stored) in 5% formalin. Thick,
2 - 5mm sections were cut through the embedded animals with 
a single edged razor blade and examined under a dissecting 
microscope for comparison with dissected specimens.
Whilst dissecting living specimens fine particles 
of collodial graphite (Aquadag) were added to the bathing 
solution (seawater or tapwater dependent on species) over 
regions of ciliary activity in order to trace ciliary currents
To demonstrate the blood system of the renoperi­
cardial complex 0.5% vital methylene blue (in seawater or 
distilled water as appropriate) was injected into various 
sites of the living animal e.g., the ventricle, auricle, 
pericardial gland or efferent branchial blood vessel. Dye 
was injected under pressure through a fine glass electrode 
capillary needle, (Clark Electromedical Instruments) drawn on 
a Narishige Scientific Instrument laboratory electrode puller, 
using the apparatus shown in Fig. 2. The tip of the capillary 
needle was carefully broken with fine forceps until a 
controlled flow of dye could be produced by movement of the 
thumb across an opening in the pressurized air-line connected 
to the apparatus. The needle was lowered into the injection 
site by means of a Leitz micromanipulator whilst viewing the
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operation under a Nikon dissecting microscope.
Injection of the auricle was found to be particularly 
difficult in Scrobicularia  because of its very delicate 
structure. In order not to damage the auricular epicardium 
it was found convenient to insert the needle into the auricle 
through the auriculo-ventricular valves from the ventricle.
By means of this technique the intact auricle was filled and 
expanded with dye.
The same injection apparatus with minor modifications,
i.e. replacement of the glass needle with a No 25 gauge 
stainless steel hypodermic needle and the use of a polythene 
syringe attached to the air-line tubing in place of the 
compressed-air line was used to inject plastic resin 
(Batson's No. 17 anatomical corrosion compound, supplied 
by Polyscience Inc.) into the pericardial cavity of 
Scrobicularia. Numerous unsuccessful attempts were made 
before a leak/rupture-free preparation was achieved. Once 
injected the preparation with needle still in place (but 
removed from the glass tubing) was placed in an oven at 
37°C overnight after which the tissue was macerated in 34% 
w/v potassium hydroxide solution until the tissue was 
completely removed leaving a replica of the cavity. The 
replica was gently washed and kept in distilled water where 
it was photographed with an Olympus 0M2 single lens reflex 
camera fitted extension bellows, 50mm lens and Olympus QA310 
electronic flash gun. The same photographic equipment was
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used to take photographs during dissections.
3. HISTOLOGY
The renopericardial complex and surrounding tissue 
were fixed overnight in Stieve's fixative (Humason, 1962) 
and embedded in paraffin wax. Vacuum-embedding was used to 
ensure adequate infiltration of large pieces of tissue 
(especially Anodonta ) .
Serial sections, Sum thick, in transverse (T.S.), 
sagittal (S.S.) and horizontal longitudinal (H.L.S.) planes 
were cut with a Beck rotary microtome and stained with 
Heidenhain's iron haematoxylin (Pantin, 19 48) or Heidenhain's 
Azan (Pantin, 1948).
Sections were examined and photographed with a Zeiss 
photomicroscope II. Photographs of whole sections of Anodonta 
were taken at low magnification (x2 - x4) with the same 
camera equipment used previously for anatomical investigation.
4. ELECTRON MICROSCOPY
A - Transmission Electron Microscopy (TEM)
A variety of fixative/buffer combinations were used 
to determine the most suitable methods for processing the 
species under investigation.
The majority of marine/estuarine species with the
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possible exceptions of Mytilus  and Polymesoda caroliniana
were adequately fixed by two methods
Method 1 - Primary fixation was carried out for 2 hours 
at in 5% glutaraldeyde in 0.1M Sorensen's 
phosphate buffer pH 7.2 (Glauert, 1974) to 
which 14g of sucrose was added per lOOcm^ of 
buffer solution. The buffer osmolarity (660m0sm) 
measured with a Knauer Halibmikro osmometer 
corresponded approximately to 60% blood osmolarity 
of the marine species in accordance with the 
recommendations of Bone and Denton (1971). 
Following fixation tissue was rinsed in the same 
buffer at room temperature for a further 2\ hours 
changing solutions twice. Post-fixation was 
carried out using 1% osmium tetroxide in phosphate 
buffer containing sucrose for % hour at room 
temperature. Tissue was rinsed in buffer for 
2% hours before dehydration.
Method 2 - Primary fixation was carried out for 2 hours 
at 4°C in 4% glutaraldehyde in 0.IM sodium 
cacodylate buffer (Glauert, 1974) containing 
3% sodium chloride pH 7.2 (Owen & Macrae, 1976). 
The tissue was rinsed in cacodylate buffer as 
Method 1 before post-fixation in 1% osmium 
tetroxide in cacodylate buffer for 1 hour at 
room temperature.
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Results using the above methods for Mytilus  were 
found to be inconsistent often resulting in some cytoplasmic 
extraction. Better results were obtained using a third 
method described by Coggeshal (1971).
Method 3 - Tissue was fixed for 3 hours at room temperature 
in 3% glutaraldehyde in O.lM sodium cacodylate 
buffer pH 7.2 with 25g of sucrose and 0.5g calcium 
chloride added to lOOcm^ of the fixative/buffer 
mixture. The primary fixative was replaced 
(without rinsing in buffer) with 1% osmium 
tetroxide in O.lM cacodylate buffer (without 
sucrose or calcium chloride) for a.further 1 hour 
at room temperature. The tissue was not rinsed 
in buffer before dehydration.
By trial and error a fourth fixation method was 
determined for Polymesoda caroliniana.
Method 4 - Fixation was carried out using 4% glutaraldehyde 
and 1% osmium tetroxide as used in Method 2 but 
in a 0.05M sodium cacodylate buffer pH 7.2 
(without sucrose) with an osmolarity ( 100
mOsm) approximating to that of the animals' 
environment.
Fixation of freshwater species was first carried out 
using a very dilute O.OlM Sorensen's phosphate buffer pH 7.2 
(2 4 mOsm) in 4% glutaraldehyde and 1% osmium fixatives. 
Results obtained with this combination were generally poor
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with considerable cytoplasmic extraction. Better results 
were obtained using fixatives buffered with s-collidine in 
a fifth method.
Method 5 - Tissue was fixed for 2 hours at 4°C in 4% 
glutaraldehyde in 0.02M s-collidine buffer 
pH 7.2 (Glauert, 19 74) with an osmolarity of 
25 mOsm (Andrews, pers. comm.). Tissue was 
rinsed in buffer as in Method 1 before post­
fixation in 1% osmium tetroxide in 0.02M 
collidine buffer at room temperature.
All the tissues were dehydrated and embedded in resin 
using the same method. Dehydration was carried out in ethanol 
passing from 30% to absolute in 15 minute stages followed 
by two 15 minute rinses in 1,2 epoxypropane (propylene oxide) . 
Tissue was left overnight ( 17 hours) in sealed vials on
a rotating resin stirrer (TAAB) in a 50:50 mixture of l,
2 epoxypropane and TAAB resin (constituent resin proportions 
TAAB resin 20g, DDSA 12g, MNA 8g and DMP-30 0.8g). The resin 
mixture was replaced with undiluted resin and left on the 
stirrer for a further 7 - 9  hours.
The tissue was embedded in Beem capsules or 
rectangular silicone rubber moulds containing fresh resin 
and polymerized in an oven set at 60^0 for 24 hours.
Ultrathin sections (silver-gold in colour) were cut 
with glass knives on a Cambridge Huxley Mk.II ultramicrotome 
and mounted on uncoated 200 mesh copper/rhodium grids.
48
Sections were stained with Watson's uranyl acetate (Dawes, 
1971) for 20 minutes, rinsed in distilled water and then 
stained with Reynolds' lead citrate (Dawes, 1971) for a 
further 10 minutes. After lead staining sections were rinsed 
first in 0.02 sodium hydroxide followed by distilled water 
and allowed to dry.
Sections were examined in an AEI EM6B electron 
microscope.
Thick resin sections (0.5-l#m) were cut with each 
ribbon of thin sections, stained with 1% toluidine blue in 
1% borax solution (Meek, 1976) and examined optically as a 
reference to the content of the thin sections.
B - Scanning Electron Microscopy (S.E.M.)
Tissue for S.E.M. was fixed using the same methods 
used for T.E.M. Dehydration was carried out in ethanol after 
which the tissue was critical-point dried in a Polaron E3000 
critical point dryer. Dried tissue was mounted with silver 
electro dag onto circular pin aluminium stubs and coated 
with gold/palladium in a Polaron 5001 sputter-coating unit.
Specimens were examined in a Cambridge S4-10 scanning 
electron microscope.
C - Etched T.E.M. Resin Sections examined by S.E.M.
Resin sections 0.5-2pm thick were cut as for T.E.M. 
and placed on small circular coverslips. The coverslips
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were placed in a 1.5% sodium methoxide etching solution 
(Kessel and Shih, 1974) for 45 minutes. The coverslips 
were rinsed in 100% methanol (changing at least 3 times) 
without being allowed to dry, followed by 3 changes of 
ethanol after which they were critical-point dried, mounted 
on stubs and coated with gold/palladium for S.E.M. 
examination.
D - Etched Paraffin Sections examined by S.E.M.
Serial horizontal longitudinal paraffin wax sections 
of Scrobicularia  renopericardial complex 6jum thick (fixed 
as for Histology) were cut. Single sections were placed 
directly on to a clean aluminium stub smeared with the 
slightest trace of egg albumin. Adjacent sections were 
processed and stained for histological examination. Wax 
was etched from the sections on the stubs by placing the 
stubs in xylene for 2 minutes. The stubs were then rinsed 
gently in several changes of ethanol taking care to ensure 
that the sections did not dry out before critical-point 
drying. After drying the stubs were coated before S.E.M. 
examination.
E - Ferritin Tracer Experiments
A cadmium-free, three times crystallized solution of 
ferritin from horse spleen, suspended and stabilized in water 
(supplied in 5cm^ vials by Boehringer Mannheim Ltd.) was 
used in all tracer experiments. The stock solution contained
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-3SOmg.cm ferritin.
The ferritin was concentrated by removing water from 
the stock solution. The most satisfactory method of concentratim 
the solution was found to be that of pervaporation (Morris & 
Morris, 1963). In this technique 5cm^ of ferritin solution 
was placed by syringe into a 20cm length of 1cm wide (flat 
width) visking-tubing tied at one end with thread. Once the 
solution was injected into the visking tube the remaining 
open end was tied with thread. To prevent leaks from the 
tied ends, the tube was bent into a 'U'-shape with the tied 
ends uppermost. The tube containing the ferritin solution 
was hung in a fast-moving air stream (close to a cooling fan) 
in a constant temperature room set at 8^C. After a period 
of 7-8 hours the 5cm? of ferritin solution was reduced to 
approximately Icm^.
In preliminary experiments using distilled water in 
place of ferritin various other dialysising techniques were 
tried. In the method described by Kohn (1959), water was 
dialysised against polyvinylpyrrolidine (PVP) and in a 
second trial against Gurrs 'carbowax' (Polyethylene glycol, 
mol. wt. 20,000). In both instances water was rapidly 
removed. At first this technique seemed appropriate for 
the concentration of ferritin. However, on checking the 
osmolarity (using a Knauer Halbmikro osmometer) of the 
'concentrated' water it was found that the osmolarity had 
risen from 0 mOsm to 140 mOsm in the case of the PVP and 
to over 200 mOsm with carbowax. As a consequence of the
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contamination and resultant increase in osmotic pressure 
this form of dialysis was rejected as unsatisfactory. In 
the pervaporation technique the ferritin solution is not 
brought into contact with any possible contaminant. Instead, 
water is lost from the solution by evaporation alone.
Two batches of ferritin concentrate were prepared 
by pervaporation. The final ferritin concentrations used 
in the two experiments were 250mg.cm”  ^ for Anodonta  and
-3
190mg.cm for Scrobicularia,
'Boehringer' ferritin was more suitable for this 
work because it is in aqueous solution. Other preparations 
are made up in saline solution. Hence in the case of Anodonta 
the concentrated solution can be injected without further 
modification. In contrast saline solutions of ferritin need 
to be dialysised against distilled water (Skelding, 1972) 
in order to remove sodium chloride and to lower the osmotic 
pressure of the solution. The aqueous solution is however 
extremely hyposmotic (15 mOsm v. 1100 mOsm) to the blood of 
Scrobicularia, This problem was overcome by the addition 
of sodium chloride to the ferritin concentrate. The amount 
of sodium chloride needed was established by means of a 
calibration curve (molarity sodium chloride v. osmolarity).
It was found that for every mg.cm  ^sodium chloride 
added to the solution the osmolarity within the range required 
increased linearly by approximately 33 mOsm. Hence it was 
calculated that 33mg.cm”  ^sodium chloride was required to
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raise the osmotic pressure of the solution by 1085 mOsm to 
1100 mOsm. The actual osmolarity of the solution as made 
up was 1060 mOsm, a close approximation to that required in 
view of the errors incurred in dealing with small volumes 
and weights.
Having prepared the ferritin concentrate the animals 
were prepared for injection. Freshly collected Scrobicularia 
were kept in aerated seawater in a Grant bath set at 12°C 
before injection. A small hole was cut with a high-speed 
dental drill in the right shell valve to expose the foot.
In order to see the foot clearly part of the overlying mantle 
was also removed. A number of unnarcotized animals 35-40mm 
in length were prepared in this manner and left for at least 
12 hours before injection. Only animals that appeared normal 
after this period were injected. Some had to be discarded as 
the shell valves were gaping open as a result of damage 
incurred when the hole was cut.
lOOril of ferritin concentrate (19mg of ferritin) was 
slowly injected into the pedal sinus of each animal by means 
of a 1cm? disposable syringe fitted with a No. 27 gauge needle 
Further animals had to be discarded at this stage due to the 
needle becoming dislodged from the injection site by violent 
contraction of the foot. After injection the animals were 
kept in separate 250cm? glass beakers filled with aerated 
seawater at 12°C.
In total 7 animals were injected with ferritin and
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subsequently left for 10 minutes, 0.5h., 1 h., 2 h., 4h.,
12 h. and 48 hours respectively. A control animal was 
injected at the 4 hour stage with lOOul of distilled water 
to which sodium chloride had been added in the same proportion 
as in the ferritin solution. The injection schedule was 
arranged so that all the animals could be fixed and processed 
at the same time. Tissue from the pericardial gland and 
kidney (proximal and distal limbs) was fixed using the method 
of Coggeshall (TEM - Method 3). This method was used in 
preference to others as it provided adequate fixation with 
a fast processing schedule. Apart from staining, the tissue 
was processed as for routine T.E.M. sections. Lead citrate 
alone was used to stain the tissue sections. Uranyl acetate 
was not used because of the enhanced contrast it imparts on 
the tissue making the identification of ferritin more 
difficult (Browning, 1979).
The experiment as described was repeated over the 
same time scale using fresh 10-12cm specimens of Anodonta.
Each animal was injected with 375ul of aqueous ferritin 
concentrate (9 4mg of ferritin) into the pedal sinus. A 
control animal was injected with a similar volume of 
distilled water. The foot was exposed for injection by 
wedging the shell valves apart for the duration of the 
injection. Throughout the experiment the animals were 
kept in circulating London tap water at a room temperature 
of 20°C.
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Tissue was fixed using T.E.M. — Method 5 and processed 
as for routine T.E.M. sections. As with Scrobicularia, 
sections were only stained with lead citrate.
5. TIDAL INFLUENCE ON PERICARDIAL GLAND AND RENAL ACTIVITY 
OF Scrobi cularia
Specimens of Scrobicularia , 30-35mm in length, were 
collected 60m from the high-water mark at Salthouse Point, 
Pen-clawdd, West Glamorgan, South Wales (0/S Ref. SS 524958), 
during the low water phase of the tidal cycle.
As the collecting site was uncovered by the ebbing 
tide (2 hours after high water) a sample of four animals was 
taken and the renopericardial complex removed and fixed, 
two in Stieve's fixative and two in neutral buffered formalin. 
This procedure was repeated at hourly intervals until the site 
was covered by the flow of the tide 8.4 hours later.
To facilitate sampling during the high-water period 
of the tidal cycle specimens were removed from the collecting 
site and transferred to a tidal tank temporarily housed in 
the nearby aquarium of University College, Swansea. The 
tank, similar to that used in London, was adjusted to 
synchronize with the local tides during the experiment. 
Specimens were placed in the tank, filled with 20cm of mud 
from Salthouse Point, two days before sampling. The water 
table in the tank was adjusted to 4cm below the mud surface 
to match that of the collecting site.
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The sampling procedure used on the shore was repeated 
at hourly intervals for a period of 15 hours through one 
complete high-water and low-water period.
Fixed specimens were transported to London in 70% 
alcohol and processed as for routine histological investigation 
Only a few of the large number of specimens were selected for 
examination in a pilot study after staining with Heidenhain's 
iron haematoxylin (Fig. 3).
To prevent bias during examination prepared slides 
of pericardial gland and kidney were coded by a colleague 
so that the sample time was not apparent.
6. HISTOCHEMISTRY
Summary of techniques used:
(i) PAS for polysaccharides (Drury & Wellington, 1967) .
(ii) PAS after diastase digestion for glycogen in 
conjunction with (i).
(iii) Alcian blue (pH 7.0) for acid mucopolysaccharides 
(Drury & Wellington, 1967).
(ivj Best's Carmine for glycogen (Drury & Wellington,
1967).
(v) Best's Carmine after diastage digestion - control 
for (ivj (Drury & Wellington, 1967).
(vi) ‘ McGee-Russell Alizanin Red S for Ca^^ deposits
(Lillie, 1965) - fixation - alcoholic formalin, 
neutral formalin.
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* denotes specimen examined after fixation in Stieve's fixative
Fig.3- Scrobicularia plana :•Tidal cycle sampling times in situ 
and in tidal tank.
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(vii) Von Kossa's technique for calcium phosphates to 
amorphous carbonates (Lillie, 1965) - fixation as
(vi) - control - before staining rinse sections in
0.5% HCl in absolute alcohol to remove calcium.
- Lithium carbonate was also used to remove urates.
(viii) Fe^^ ion uptake reaction for melanin (Lillie, 1965) 
This test is thought to be specific for melanins - 
lipofuscins being unreactive.
(ix) Nile blue for melanins and lipofuscins (Humason, 
1962). Stains both melanins and lipofuscins.
After staining treatment with sulphuric acid and 
acetone removes stain from lipofuscins but not 
melanin.
(x) Schmorl's reaction for lipofuscin (Lillie, 1965). 
Stains both melanin and lipofuscin.
(xi) Carmine-methylene blue (Gurr, 1953) for uric acid 
and monosodium urate.
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Erratum
The extensive networks of smooth endoplasmic reticulum 
described in the text and Plates 12 - 13 in the proximal limb of 
kidney and Plates 50 - 52 and Figure 8 of the pericardial gland 
of Scrobicularia nlana have with hindsight been subject to 
misinterpretation.
It seems unlikely that the network described forms part of 
the endoplasmic reticulum. Doubts are raised in view of the fusion 
of the 'reticular' network with the outer plasma membrane of the cell. 
Farquhar and Palade (I98I) conclude that the endoplasmic reticulum 
cannot fuse with the cell membrane because of differences in the 
composition of the two membrane systems, described as inner and 
outer membrane systems respectively ( Rogers, 19^5 )• The passage 
of material contained within the endoplasmic reticulum requires 
're-packaging' via the Golgi complex into a membrane container 
of the outer membrane type that is compati ble with the cell membrane.
An alternative explanation of the tubular profiles seen in 
the cytoplasm is that of a tortuous network of anastomosing membrane 
invaginations from the cell surface. Schipp and Hevert (I981) 
describe a similar system of tubules in the podocyte cells of the 
branchial heart appendage of Sepia officinalis. In this instance 
the tubules are apically-basally orientated and open at the basal 
membrane of the cells. Similar systems, termed apical canaliculi, 
occur in the proximal convoluted tubule of the mammalian kidney 
(Bloom and Fawcett,1975). In this location the invaginations are
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involved with resorption and concentration of protein from the 
glomerular filtrate. In Scrobicularia such a role is unlikely on 
the basis of existing evidence since cells of the pericardial gland 
and proximal limb of the kidney accumulate injected ferritin despite 
the fact that it does not appear in any quantity in the filtrate 
produced by the pericardial gland. However, since the level of 
ferritin remains high in the blood it is reasonable to conclude 
that ferritin is taken up directly from the blood. In the case of 
the pericardial glands this may be achieved by the tubular network 
that extends to the basal membrane. In the kidney such an arrangement 
is not so obvious but with hardly any trace of ferritin in the lumen 
it must be reasoned that ferritin is taken up from the blood.
In conclusion it is apparent that the tubular network described 
forms a major pathway for the uptake and possible modification by 
lysosomal action of material from the blood. Such material may be 
stored in swellings of the tubular network or be released into the 
lumen of the pericardial gland or kidney.
Additional references not included in the main text 
Farquhar, M.G., & Palade, G.E. I981.
The Golgi Apparatus (Complex) - (1954-1981) - from Artifact to 
Center Stage.
The Journal of Cell Biology, 91 » 77s -105s.
Rogers, A.W. 1985-
Cells and Tissues. An Introduction to Histology and Cell Biology. 
London, Academic Press.
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THE RENOPERICARDIAL COMPLEX OF Scrobicularia plana (da Costa)
The renopericardial complex is composed of the 
contiguous organs and structures of the pericardial cavity, 
heart and paired, bilaterally symmetrical kidneys and peri­
cardial glands (Fig. 4).
1. The Pericardial Cavity
The pericardial cavity (PC) is a flattened tubular 
cavity situated in a mid-dorsal position underneath the shell 
hinge. The heart occupies the centre of the cavity. The 
posterior limit of the cavity is marked by the bulging 
anterior outpushings of the right and left kidneys (RK & LK). 
Anteriorly the lateral walls of the cavity are thickened by 
orange-red pigmented tissue of the paired pericardial glands 
(PG). A muscular wall forms the anterior limit of the cavity 
demarcating it from the adjacent digestive gland (DG). 
Dorsally the wall of the cavity is formed from a thin layer 
of tissue which produces an outpushing that is closely 
attached to the internal shell ligament. The floor of the 
cavity, i.e. the ventral wall is smooth and unspecialized 
covering the viscera.
2. The Heart
The heart consists of a central yellowish ventricle 
(V) and a pair of translucent lateral auricles (Au).
The cylindrical ventricle is covered with a thin
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Fig.4. Scrobicularia plana : Renopericardial complex.
A) Dorsal view.
B) Lateral view of section XX' shown in (A).
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squamous epithelium, the epicardium (Plate 1, Vep). Beneath 
the epicardium there is a complex mesh-work of muscle fibres 
(Plate 2A,mf). No endothelial lining was found.
The epicardial cells are typically very thin (< 0.lum 
in places) with a swollen region containing the nucleus 
(Plate 3A). The ventricle is often fixed in a contracted 
state with the epicardial cells compressed together. The 
same phenomenon occurred in scanning preparations (Plate 2B) 
making it difficult to distinguish the swollen areas amongst 
the folds.
Adjoining epicardial cells overlap each other forming 
extensive cellular interdigitations. In the thicker regions 
where junctions occur they ramify long distances from apical 
to basal borders. Because of the tortuous nature of the 
adjoining membrances it is not always easy to make out the 
junctional complexes between cells. Typically however, a 
desmosome of the macula adherens type (Bloom & Fawcett, 1975) 
is situated between cells near their apical borders. The 
desmosome (Plate 3C, des) is characterized by an electron- 
dense band 35nm wide extending some 300nm along the apposing 
membranes which are separated by a gap of about 20nm. In 
contrast to the structure described by Bloom and Fawcett (1975), 
tonofilaments were not found extending into the cytoplasm from 
the dense bands. One other peculiar feature noticed was the 
presence of transverse "diaphragm-like" structures linking the 
two membranes between the dense bands. Although not very
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PLATES 1-3 Scrobicularia plana ; Ventricle
Horizontal longitudinal wax section through the 
pericardial cavity (PC) and ventricle (V).
X 370 ; Scale bar = 50pm.
Ventricular epicardium (Vep).
X 2 800 : Scale bar = 5.0pm.
Scanning electron micrograph (SEM) of the 
cut edge of the ventricle.
X 207 : Scale bar = 100pm.
Surface view of epicardium.
X 1883 ; Scale bar = 10pm.
PLATE 1
A.
B.
PLATE 2
A.
B,
PLATE 3
A. Ventricular epicardial cell.
X 6375 : Scale bar = 3.0pm.
B. Detail of A showing the active nature of the 
cell which possesses Golgi bodies and vesicles 
(Gb & Gv), smooth endoplasmic reticulum (ser), 
mitochondria (mit) and numerous electron dense 
droplet shaped inclusions (inc).
X 33,000 ; Scale bar = 0.5pm.
C. Epicardial cell junction formed by an apical 
desmosome (des).
X 36,000 : Scale bar = 0.5pm.
D. Epicardial cell desmosome showing a transverse 
filament structure (tf) linking apposing sides 
of the desmosome.
X 72,000 ; Scale bar = 250nm.
Abbreviations
bl, basal lamina; bs, blood space; mf, muscle fibre; 
PC, pericardial cavity; rer, rough endoplasmic 
reticulum.
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distinct the filaments appear to be of a periodic nature 
separated by a gap of approximately 13nm. In some areas 
(Plate 3D) the filaments alternate from side to side with a 
central zig-zagging filament linking the two sides (c.f Chapter 
VI). Beneath the desmosome the membranes continue their 
course separated by an intercellular gap of about lOnm. In 
places the gap is bridged by isolated filaments. Towards the 
base of the cells the gap often increases in width (up to 
200nm) for over 1pm after which the membranes constrict 
close together.
Underlying the epicardial cells there is a continuous
basal lamina (bl) 30-40nm thick (Plate 3C) composed of a
granular matrix out of which extend fine fibrils (approximately 
3nm diameter) linking to the epicardial cells. Isolated 
collagen fibres also occur closely associated with the surface 
of the basal lamina facing the blood space.
The apical surface of the epicardial cells is
unspecialised with a few, usually near a cell junction, 
short ( < 1pm) microvilli-like projections.
Structural features associated with a high rate of 
metabolic activity occur in the swollen regions of the 
epicardial cells (Plate 3B). Numerous mitochondria (mit) 
and an extensive anastomising network of smooth endoplasmic 
reticulum (ser) occur in the vicinity of the nucleus along 
with rough endoplasmic reticulum (rer) and Golgi bodies (Gb) 
with associated vesicles. Conspicuous electron-dense droplets
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(up to 0.5pm in diameter) also occur in this region. The 
nature of the droplets is unclear, however in view of the 
yellow colouration of the ventricle it is possible that they 
may be pigment droplets. Clear membrane-bound vacuoles (up 
to 0.5pm diameter) occur throughout the epicardial cells. In 
the thinner regions of the cells the vacuoles appear close to 
both apical and basal membranes. It has not been possible to 
determine from routine transmission and scanning micrographs 
the three-dimensional nature and origins of the vacuoles.
The possibility that they constitute a system of extra­
cellular tubules extending through the cells cannot be 
discounted.
The ventricle gives rise to an anterior and posterior 
aorta (AAo & PAo). Anteriorly the rectum (R) enters the 
pericardial cavity ventral to the saddle-shaped anterior 
aorta. It is completely encircled by the ventricle and 
passes out of the pericardial cavity dorsal to the posterior 
aorta. The posterior aorta is developed into an aortic bulb 
(Aob) that rests against the dorsal surface of the kidney 
outpushings at the posterior end of the pericardial cavity.
The position of the aortae was determined by injecting 
methylene blue solution into the ventricle. Anteriorly the 
anterior aorta gives rise to smaller arteries in the viscera 
(particularly the digestive gland), anterior musculature and 
mantle. Similarly the posterior aorta supplies the posterior 
musculature, siphons and mantle. The injections also served 
to illustrate the functioning of the auriculo-ventricular
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valves that guard the junction between auricle and ventricle. 
When the ventricle is filled with dye the valves prevent back­
flow into the auricles.
The auricles are thin-walled funnel-shaped structures 
that fan out from the ventricle to the anterior and posterior 
ends of the pericardial cavity enclosing parts of the kidney 
and pericardial glands (Plate 4). Blood spaces and sub- 
epithelial muscle fibres are continuous between kidney, 
pericardial gland and auricle. Lateral to the auricle are 
the dorsal extremities of the inner and outer demibranchs 
(Plate 4A, id & OD) of the ctenidium. A common efferent 
branchial blood vessel collects blood from the demibranchs 
and returns it to the auricle (described in detail in 
Chapter III 5). Where the demibranchs overlie the auricle 
the venous blood spaces (Plate 4B, Vbs) of the ctenidium 
open individually into the auricle, not the efferent 
branchial vessel. In this location, particularly beneath 
the ctenidial axis, many muscle fibres radiate out into the 
auricle (Plate 4 , mf). The muscles traced in dissection 
extend through the auricle lumen to the basal lamina of the 
epicardium (Au ep). Close to the pericardial gland the 
muscles anastomose and cross over one another to form a 
fenestrated muscular wall between ctenidium and auricle.
Typically the auricle is formed from a regular 
unspecialised squamous epithelium that constitutes the 
auricular epicardium (Plate 5A, Au ep). In a contracted 
state the epicardial cells are compressed (Plate 5B) as in
71
the ventricle. Compared with the ventricular epicardium the 
auricular epicardium appears to be far less metabolically 
active with a marked scarcity of cellular organelles. The 
cells typically appear as hexagonal flattened plates with a 
central hemispherical swollen area (Plate 5C). The boundaries 
between individual cells in the expanded state are clearly 
demarcated by short microvilli (mv). Transverse sections of 
the cells (Plate 6A) reveal the presence of nuclei in the 
swollen areas of the cells. By comparison to the ventricle 
the swollen regions are thinner (2.Sum compared with 7um).
A single apical desmosome similar to that of the ventricle 
constitutes the junctional complex between cells (Plate 6B). 
Transverse filaments linking the two sides of the desmosome 
are clearly visible, as are other isolated filaments linking 
the cell membranes below the desmosome.
The basal lamina underlying the epicardium is in 
many instances over twice as thick (> lOOnm) as that of the 
ventricle.
Serial sections revealed the presence of isolated 
patches, often less than lOOum wide, of cubical (cc) and 
cylindrical cells (eye) in embayments of the ventral wall 
of the auricle below the auriculo-ventricular valves (Plate 7) , 
The epithelium lining these pockets is squamous peripherally 
and becomes progressively taller, reaching 20um centrally.
In some places the cell bodies of the taller cells are joined 
only basally with the lateral surfaces exposed to the peri­
cardial fluid. Numerous small granules (approximately 3um in
PLATE 4 
A.
B.
PLATE 5
A.
B.
C.
PLATE 6
A.
B.
72
PLATES 4-7 Scrobicularia plana : Auricle
Horizontal longitudinal wax section through the 
pericardial cavity (PC) ventral to the auriculo- 
ventricular valves showing the relationship 
between ventricle (V) , auricle (Au) and inner 
and outer demibranchs of the ctenidia (ID & OD). 
X 135 : Scale bar = ISOum.
Section ventral to A.
X 135 ; Scale bar = 150um.
PLATE 7 
A.
B.
Section through auricular epicardium (Auep).
X 2 300 : Scale bar = iQum.
Contracted epicardium showing muscle fibres (mf). 
X 9000 : Scale bar = 2pm,
Surface view of epicardium.
X 1022 : Scale bar = 20um.
Auricular epicardium.
X 11,750 : Scale bar = 2.0>ihi.
Epicardial cell junction showing apical desmosome 
(des) with transverse filaments (tf) linking the 
two sides of the desmosome.
X 52,000. Scale bar = 0.5)im.
Horizontal longitudinal wax section of the auricle 
(Au) showing isolated regions of atypical epi­
cardium (atep).
X 135 : Scale bar = 15Qum.
Detail of A showing atypical epicardium with squamous 
(sqc), cubical (cc) and cylindrical cell types (eye).
X 850 ; Scale bar = 20;im.
Abbreviations
bl, basal lamina; bs, blood space; CA, ctenidial axis;
DLK, distal limb of kidney; mit, mitochondria; n, nucleus; 
PG, pericardial gland; Vbs, venous blood spaces.
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diameter) occur in both cubical and cylindrical cells. The 
cylindrical cells also contain larger granules up to iQum in 
diameter within a vacuole. All the granules stain red with 
Heidenhain's azan.
The ultrastructure of the atypical regions of the 
auricular epicardium was unfortunately not examined since 
the regions were missed in routine TEM/SEM examinations 
and were only discovered after a thorough re-examination of 
serial paraffin sections.
3. The Kidney
When the outer upturned ctenidial demibranch is 
removed each of the paired kidneys appears in lateral view 
yellowish-white in colour and chevron-shaped (Fig. 5) .
Pericardial fluid (primary urine) enters the kidney 
through the renopericardial opening (Plate 8A, RPO) and passes 
into a short densely ciliated renopericardial canal (some 
0.5mm long in a 4cm animal, Plate 9, RPC). The columnar 
epithelial cells of this region are of uniform height (25)im) 
with conspicuous long cilia (30um) and distinct basal bodies 
along the apical border. The apical nuclei are surrounded 
by faintly granular cytoplasm.
Urine passes from the renopericardial canal into the 
simple ciliated duct of the proximal limb of the kidney (PLK). 
The duct is shaped like an inverted 'S' leading from the reno­
pericardial canal to the posterior end of the kidney situated
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Fig.5. Scrobicularia plana : Stereogram of the
kidney.
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PLATES 8-9 Scrobicularia plana ; 
R e n o p e r i c a r d i a l  O p e n i n g  a n d  C a n a l
A.
B.
SEM of the renopericardial opening (RPO) of 
the right kidney.
X 397 : Scale bar = 500;ain.
SEM of the genital opening (GO) into the 
suprabranchial chamber.
X 39 7 ; Scale bar = 500;am.
PLATE 9 
A.
B.
Sagital wax section through the right RPO 
showing the ciliated renopericardial canal 
(RPC) leading to the less densely ciliated 
proximal limb of the kidney (PLK). The 
distal limb of the kidney (DLK) surrounds the 
RPC and PLK.
X 365 : Scale bar = 50;am.
Horizontal longitudinal section of A showing 
the cerebro-visceral connective (cvc) close 
to the RPO in the blood space (bs) of the DLK 
X 455 : Scale bar = 50)cim.
Abbreviations
ci, cilia
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between a fork in the pedal retractor muscle. At this point 
the duct opens out into an expansive bladder-like region 
which is reflected back over the proximal limb and extends 
anteriorly to form the distal limb of the kidney (Plate lOA,
DLK). Sphincter muscles separate the bladder region from 
the anterior part of the kidney which is extensively 
developed into blind-ending tubules. Medially the distal 
limb envelops the proximal limb to such an extent that it 
often appears completely surrounded (Plate lOB).
The proximal limb epithelial cells are columnar, 20-30>im 
high and 6-9um wide, and contain granular cytoplasm (Plate 11). 
Their histochemical characters are outlined in Table 2 
together with results of tests carried out in several regions 
of the renopericardial complex. Apically the cells possess 
a distinct continuous brush border (bb) composed of microvilli 
1.5-2;am long, lOOnm in diameter (Plate 11 & 12A, mv) .
Internally the microvilli contain microtubules and small 
(35nm) electron-dense bodies of obscure nature scattered 
along the inside of the unit membrane (Plate 13A). Interspersed 
amongst the microvilli are numerous cilia, > 20um long.
Between cells a junctional complex is formed from 
two structures (Plate 13A). Apically a desmosome occurs 
(~ 0.25pm in length) similar to those found in the heart, 
beneath which extend septate desmosomes (s des) (1.3pm long) 
towards the basal border of the cells. Regularly spaced 
(30nm) cross-bridges link the apposing membranes across an 
intercellular gap of 15nm. In some sections only the cross-
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P L A T E  10 
A.
B.
P L A T E  11
P L A T E  12
P L A T E  13 
A.
B.
P L A T E S  1 0 - 1 3  Scrobicularia plana 
P r o x i m a l  L i m b  o f  K i d n e y _______
H o r i z o n t a l  l o n g i t u d i n a l  w a x  s e c t i o n  t h r o u g h  t h e  
p o s t e r i o r  s e c t i o n  o f  t h e  p r o x i m a l  l i m b  o f  t h e  
l e f t  k i d n e y  (PLK) s h o w i n g  t h e  o p e n i n g  i n t o  t h e  
d i s t a l  l i m b  ( D L K ) .
X  3 1 0  : S c a l e  b a r  =  1 0 0 p m .
S e c t i o n  a n t e r i o r  t o  A. N . B .  t h e  d i s t a l  l i m b  
c o m p l e t e l y  s u r r o u n d s  t h e  p r o x i m a l  l i m b  o f  t h e  
k i d n e y .
X  2 2 5  : S c a l e  b a r  =  l O O p m .
H o r i z o n t a l  l o n g i t u d i n a l  w a x  s e c t i o n  o f  t h e  
p r o x i m a l  l i m b  o f  t h e  k i d n e y  ( P L K ) .
X  1 9 0 0  : S c a l e  b a r  = I Q p m .
A. A p i c a l  b o r d e r
X  1 1 , 0 0 0  ; S c a l e  b a r  = 2 . 0 p m
B. B a s a l  b o r d e r
X  1 1 , 2 5 0  ; S c a l e  b a r  = 2 . 0 p m
P r o x i m a l  l i m b  e p i t h e l i a l  c e l l  j u n c t i o n  s h o w i n g  
t h e  a r r a n g e m e n t  o f  d e s m o s o m e  (des) a n d  s e p t a t e  
d e s m o s o m e  ( s d e s ) .
X  5 0 , 0 0 0  : S c a l e  b a r  =  0 . 5 p m
A p i c a l  c y t o p l a s m  s h o w i n g  e x t e n s i v e  n e t w o r k s  
o f  s m o o t h  e n d o p l a s m i c  r e t i c u l u m  ( s e r ) .
X  6 1 , 5 0 0  : S c a l e  b a r  =  2 5 0 n m
A b b r e v i a t i o n s
b b ,  b r u s h  b o r der;binf, b a s a l  p r o c e s s e s  o r  i n f o l d i n g s ;  
bs ,  b l o o d  s p a c e ;  b s t ,  b a s a l  s t r i a t i o n s  ; e b b ,  c i l i u m  
b a s a l  b o d y ;  ci, c i l i a ;  lu, l u m e n  ; m f ,  m u s c l e  f i b r e ;  
m i t ,  m i t o c h o n d r i o n ;  m t ,  m i c r o t u b u l e ;  m v ,  m i c r o v i l l i ;  
n, n u c l e u s .
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bridges occur without any apparent apposing membranes.
The apical half of the cells contain extensive 
networks of smooth endoplasmic reticulum (Plate 12A & 13B, ser) 
and electron-dense droplets (1pm). Ferritin tracer 
experiments show that ferritin (F) is accumulated by the 
proximal limb cells in the ser and droplets (Plate 14 & 15A) .
In some areas parts of the ser appear to form pinocytotic
vesicles which fuse to the apical membrane. In animals
injected with ferritin many of the vesicles contain ferritin
(Plate 15B).
The basal regions of the cells are developed into basal 
processes containing mitochondria (Plate 12B). The processes 
are widely separated with the possibility of some inter­
digitation with neighbouring cells occurring. During the 
course of the ferritin experiment ferritin passed through 
the basal lamina underlying the processes (Plate 15C & D, bl) 
but did not appear to be taken up by the cells in quantity 
as might be suggested by the accumulations seen in their 
apical cytoplasm.
The cells lining the distal limb are vacuolated and 
so are easily distinguished from those of the proximal limb 
(Although similar in size). Each cell of the distal limb 
possesses a characteristic large (up to 30)im) clear vacuole 
(Plate 10 & 16), though variations in size and position occur 
-in different cells. In some, small Sum vacuoles occur 
apically above a spherical/ovoid central nucleus, whereas in 
others a size progression is apparent culminating in a large
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P L A T E S  1 4 - 1 5  Scrobicularia plana :
F e r r i t i n  U p t a k e  i n  t h e  P r o x i m a l  L i m b  o f  t h e  K i d n e y
P L A T E  14
P L A T E  15
F e r r i t i n  u p t a k e  4 8h a f t e r  i n j e c t i o n  o f  f e r r i t i n  
(F) i n t o  t h e  b l o o d  s y s t e m .
F e r r i t i n  is a c c u m u l a t e d  i n  a p i c a l  d r o p l e t s  (d) 
a n d  t h e  s m o o t h  e n d o p l a s m i c  r e t i c u l u m  ( s e r ) .
X  2 3 , 2 5 0  : S c a l e  b a r  =  1 . (%im
D e t a i l s  as P l a t e  14.
A. F e r r i t i n  c o n c e n t r a t e d  i n  a m e m b r a n e - b o u n d  
d r o p l e t  a n d  t h e  s u r r o u n d i n g  ser .
X  1 0 8 , 0 0 0  : S c a l e  b a r  = 2 0 0 n m
B. F e r r i t i n  p r e s e n t  in  an  a p i c a l  p i n o c y t o t i c  
v e s i c l e  (pvj .
X  9 9 , 0 0 0  : S c a l e  b a r  =  2 0 0 n m
C. F e r r i t i n  f r e e  i n  t h e  s u b e p i t h e l i a l  b l o o d  s p a c e s
(bs).
X  5 2 , 0 0 0  : S c a l e  b a r  =  0.5;am
D. F e r r i t i n  p r e s e n t  i n  t h e  e x t r a c e l l u l a r  s p a c e
(Exsp) b e t w e e n  b a s a l  l a m i n a  (bl) a n d  e p i t h e l i u m ,  
X  1 0 2 , 0 0 0  : S c a l e  b a r  =  2 0 0 n m
A b b r e v i a t i o n s
lu, l u m e n ;  m i t ,  m i t o c h o n d r i o n  ; m v ,  
n,  n u c l e u s .
m i c r o v i l l i ;
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vacuole filling the cell displacing the nucleus to the basal 
margin of the cell. In paraffin sections most of the vacuoles 
appear devoid of contents. A few however appear slightly 
opaque and in a few instances also contain a concentric- 
ringed inclusion of denser material (Plate 16A, cri). In 
some regions, particularly the ventral portion of the distal 
limb, cells were found with apical outpushings (Plate 16A,
A op). The outpushings with enclosed vacuoles are nipped off 
apically and set free in the lumen as membrane bound 
spherules (Plate 17A, sp). Amongst the spherules in the lumen 
congregations of encysted protozoan-like bodies occur 
(Plate 16B, ep) along with possible reproductive forms 
consisting of groups of smaller cells with individual nuclei 
encysted in a single spherical body.
In contrast to the cells of the proximal limb those 
of the distal limb are unciliated. A brush border is however 
present (Plate 17B) composed of slightly shorter (l-2jam) 
and stubbier (120-140nm) microvilli.
The junctional complex between the cells is similar 
to that of the proximal cells. Greater resolution was 
however obtained in the distal limb revealing detail of the 
fine structure of the desmosome (Plate 18A, Fig. 6). Short 
(60nm) filaments (5nm diameter) extend out at right angles 
to the electron-dense bands of the desmosome. In the same 
region shorter filaments lOnm long, 5nm apart appear to 
originate from the inner leaflet of the unit membrane. 
Filaments also bridge the intercellular gap between electron-
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PLATE 16 
A.
B.
PLATE 17 
A.
B.
PLATE 18 
A.
B.
C.
D.
P L A T E S  1 6 - 1 8  Scrobicularia plana :
________ P i s t a i  L i m b  o f  K i d n e y _______
W a x  s e c t i o n  s h o w i n g  v a c u o l a t e d  e p i t h e l i u m  (vac) 
w i t h  a p i c a l  o u t p u s h i n g s  ( A o p ) . S o m e  o u t p u s h i n g s  
c o n t a i n  c o n c e n t r i c  r i n g e d  i n c l u s i o n s  (cri) w h i c h  
a r e  s e t  f r e e  i n  t h e  l u m e n  (lu) as m e m b r a n e  b o u n d  
s p h e r u l e s  ( s p ) .
X 1 0 0 0  : S c a l e  b a r  =  2 0 p m
A s  A. L u m e n  c o n t a i n s  e n c y s t e d  p r o t o z o a n s  ( E p ) .
X 1 0 0 0  : S c a l e  b a r  =  20;am
S E M  o f  t h e  m i c r o v i l l i  (mv) c o v e r e d  s u r f a c e  o f  
t h e  e p i t h e l i u m  s h o w i n g  a p i c a l  o u t p u s h i n g s  (Aop) 
a n d  r e l e a s e d  s p h e r u l e s  ( s p ) .
X  4 1 4 3  : S c a l e  b a r  =  5 . Q u m
S e c t i o n  t h r o u g h  e p i t h e l i u m  s h o w i n g  c h a r a c t e r i s t i c  
v a c u o l e s  ( v a c ) .
X  5 2 5 0  : S c a l e  b a r  = S.OjLim
E p i t h e l i a l  c e l l  j u n c t i o n  s h o w i n g  d e s m o s o m e  (des) 
a n d  s e p t a t e  d e s m o s o m e  (sdes) f o r m i n g  t h e  j u n c t i o n  
c o m p l e x .  T r a n s v e r s e  f i l a m e n t s  (tf) a r e  c l e a r l y  
v i s i b l e  l i n k i n g  t h e  t w o  s i d e s  o f  t h e  d e s m o s o m e .
X  1 4 1 , 0 0 0  ; S c a l e  b a r  =  l O O n m
A p i c a l  c y t o p l a s m  s h o w i n g  s m o o t h  e n d o p l a s m i c  
r e t i c u l u m  (ser) a n d  e l e c t r o n  d e n s e  d r o p l e t s  ( e d d ) .
X  5 5 , 0 0 0  ; S c a l e  b a r  =  2 5 0 n m
D e t a i l  o f  a p i c a l  v a c u o l e .  T h e  v a c u o l e  c o n t a i n s  
f i n e  g r a n u l a r  m a t e r i a l  a n d  o c c a s i o n a l  ' m e m b r a n e  
r i n g '  (mr) s t r u c t u r e s  s i t u a t e d  a r o u n d  t h e  p e r i p h e r y .  
X  1 9 , 5 0 0  : S c a l e  b a r  =  1 . 0)im
Detail of the basal regions of the epithelium.
The basal membrane shows fine basal infoldings (binf).
X 15,000 : Scale bar = l.p^m 
Abbreviations
bl, basal lamina; bs, blood space; lu, lumen ; mit, mitochondrion; 
n, nucleus.
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desmosome
septate
desmosome
50 nm
Fig. 6. Scrobicularia plana : Simplified drawing of part
of the junction complex between cells of the distal 
limb of the kidney (based on Plate 18A).
Note the presence of transverse filaments (tf) 
linking the two halves of the desmosome.
100
dense bands. At the basal end of the desmosome the filaments 
zig-zag back and forth across the gap. The triangular electron- 
opaque areas formed by the filaments are approximately 17nm 
wide and 15nm high to apex.
Local concentrations of ser, less extensive than in 
the proximal limb cells occur in the apical regions of the 
cells (Plate 18B) around the cell vacuoles which contain fine 
granular material and occasional isolated rings of membrane 
(Plate 18B & C). The concentric-ringed inclusions seen in 
earlier paraffin sections were not discernable in electron 
micrographs of the vacuoles. Mitochondria occur throughout 
the cells with possible concentrations in the basal regions 
above the infolded basal membranes (Plate 18D). Electron- 
dense droplets up to Ijam in diameter similar to those of the 
proximal limb also occur throughout the cytoplasm of the 
distal limb cells (Plate 18B).
During the course of the ferritin experiment ferritin 
passed through the basal lamina of the distal limb cells 
(Plate 19A). In contrast to the proximal limb some ferritin 
appears to be taken up by pinocytotic activity in the basal 
regions of the cells. However no large accumulations of 
ferritin occur in the cells. The large cell vacuoles appeared 
to be devoid of ferritin (Plate 19B) as did the ser and lumen 
of the kidney (Plate 190. Some ferritin accumulated between 
the cells in the intercellular space but did not appear to 
traverse the septate desmosomes of the junctional complex.
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P L A T E  19 Scrobicularia plana :
F e r r i t i n  u p t a k e  in  t h e  D i s t a l  L i m b  o f  t h e  K i d n e y
F e r r i t i n  u p t a k e  1 h o u r  a f t e r  i n j e c t i o n  o f  f e r r i t i n  i n t o  t h e  
b l o o d  s y s t e m .  N . B .  S i m i l a r  r e s u l t s  o c c u r r e d  t h r o u g h o u t  
t h e  48 h o u r s  of  t h e  e x p e r i m e n t .
A. F e r r i t i n  (F) s e e n  i n  t h e  s u b - e p i t h e l i a l  b l o o d  
s p a c e s  (bs ) .
N o t e  t h a t  s o m e  f e r r i t i n  a p p e a r s  to. h a v e  p a s s e d  
t h r o u g h  t h e  b a s a l  l a m i n a  (bl) a n d  o c c u r s  b e t w e e n  
t h e  b a s a l  i n f o l d i n g s  b i n f )  i n  t h e  e x t r a c e l l u l a r  
s p a c e .  In  s o m e  a r e a s  f e r r i t i n  a p p e a r s  i n  
p i n o c y t o t i c  v e s i c l e s  (pv) o p e n i n g  i n t o  t h e  e x t r a ­
c e l l u l a r  s p a c e .
X  6 3 , 7 5 0  : S c a l e  b a r  =  2 5 0 n m
B. N o  f e r r i t i n  w a s  f o u n d  t o  a c c u m u l a t e  i n  t h e  
a p i c a l  v a c u o l e  (vac) d u r i n g  t h e  c o u r s e  o f  t h e  
e x p e r i m e n t .
X 3 0 , 0 0 0  ; S c a l e  b a r  =  0.5>im
C. In  c o n t r a s t  t o  t h e  e p i t h e l i u m  o f  t h e  p r o x i m a l  
l i m b  (c.f. P l a t e  15) n o  l a r g e  a c c u m u l a t i o n s  o f  
f e r r i t i n  w e r e  n o t e d  i n  t h e  a p i c a l  c y t o p l a s m  o r  
s m o o t h  e n d o p l a s m i c  r e t i c u l u m  ( s e r ) .
X 4 0 , 0 0 0 .  S c a l e  b a r  =  0 . 5_pm
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PLATE 20 Scrobicularia plana 
_______ Kidney Opening_____
A. Horizontal longitudinal wax section showing 
transition between-vacuolated distal limb 
epithelium (DLK) and the ciliated (ci) 
columnar epithelium of the duct leading to 
the kidney opening (KO).
X 330 : Scale bar = 5Qum
B. Section ventral to A showing kidney opening 
(KO) into the suprabranchial chamber (Spbc). 
X 330 : Scale bar = SOjjm
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Medially the right and left kidneys are joined by a 
communication of the two distal limbs as they pass anteriorly 
(Fig. 5). Having completed a 'U-turn' the distal limb opens 
at the kidney opening (Plate 20, KO) just postero-ventral to 
the renopericardial opening. The epithelium surrounding the 
opening is unlike the rest of the distal limb in that it is 
ciliated and lacks vacuoles. The opening is borne on a 
conical papilla that hangs down from the ventral surface of 
the distal limb into the suprabranchial chamber. The papilla 
has a vertical slit-like aperture facing inwards towards the 
median axis of the body. Anterior to the kidney openings lie 
the much more conspicuous genital openings (Plate 8B).
4. The Pericardial Glands
The paired glands form orange-red pigmented areas 
in the mantle lying against the internal shell ligament.
In lateral view each gland is triangular in shape (Fig. 4 )
with the apex directed posteriorly to a position overlying 
the anterior end of the auricle. Anteriorly the gland is 
clearly delimited from the dark green-brown digestive gland.
A muscular wall, forming the anterior end of the pericardial 
cavity, separates the two glands. The dorsal surfaces of 
the glands are shaped closely around the internal shell 
ligament.
Viewed from inside the pericardial cavity (Fig.7) 
the glands are joined anteriorly by median outpushings 
(Plate 21A) which meet dorsally in the form of an arch
106
Fig.7- Scrobicularia plana : Stereogram of the
pericardial gland.
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PLATES 21-22 Scrobicularia plana
Pericardial Gland
A. H o r i z o n t a l  l o n g i t u d i n a l  w a x  s e c t i o n  o f  t h e  p e r i ­
c a r d i a l  c a v i t y  (PC) s h o w i n g  t h e  a n t e r i o r  e n d  o f  
t h e  r i g h t  p e r i c a r d i a l  g l a n d  ( P C ) .
N o t e  t h e  m e d i a l l y  d i r e c t e d  a n t e r i o r  o u t p u s h i n g s  
o f  t h e  g l a n d  (op) f o r m i n g  a f u n n e l - l i k e  
a n n e x e  (an) o f  t h e  P C. A  d u c t  (du) l e a d i n g  
f r o m  t h e  P G  is v i s i b l e ,  o p e n i n g  i n t o  t h e  
a n n e x e  o f  t h e  PC.
X  145 ; S c a l e  b a r  =  lOOjum
B. D e t a i l  o f  d u c t  (du) s h o w n  i n  A.
X  365 : S c a l e  b a r  =  50jam
A. S e c t i o n  c u t  d o r s a l  t o  P l a t e  21.
N o t e  t h e  o u t p u s h i n g s  f r o m  t h e  p e r i c a r d i a l  
g l a n d s  (PG) j o i n  t o  f o r m  a n  a r c h  t h a t  s e p a r a t e s  
t h e  p e r i c a r d i a l  c a v i t y  a n n e x e  (an) f r o m  t h e  
m a i n  c h a m b e r  o f  t h e  p e r i c a r d i a l  c a v i t y  ( P C ) .
X  135 : S c a l e  b a r  =  100>im
B D e t a i l  o f  A  s h o w i n g  g l a n d  c e l l s  (PGc) e x t e n d i n g  
a l o n g  t h e  e d g e  o f  t h e  a r c h .
X  3 4 5  ; S c a l e  b a r  =  5 0 ^ m
A b b r e v i a t i o n s
A u ,  a u r i c l e ;  b s , b l o o d  s p a c e ;  m f ,  m u s c l e  f i b r e ;  
V, v e n t r i c l e .
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( P l a t e  2 2 A ) . T h e  a r c h  w h i c h  is r e i n f o r c e d  a l o n g  i ts v e n t r a l  
e d g e  w i t h  s u b - e p i t h e l i a l  m u s c l e  a n d  c o l l a g e n  f i b r e s ,  p a r t i a l l y  
s e p a r a t e s  t h e  e x t r e m e  a n t e r i o r  p o r t i o n  o f  t h e  p e r i c a r d i a l  
c a v i t y  ( a n n e x e )  f r o m  t h e  p o s t e r i o r  r e g i o n  c o n t a i n i n g  t h e  
h e a r t .  T h e  p e r i c a r d i a l  c a v i t y  a n n e x e  e x t e n d s  l a t e r a l l y  
f o r m i n g  p a i r e d  f u n n e l - s h a p e d  o u t p u s h i n g s  b e t w e e n  t h e  a n t e r i o r  
m u s c u l a r  w a l l  o f  t h e  p e r i c a r d i u m  a n d  t h e  r i g h t  a n d  l e f t  
p e r i c a r d i a l  g l a n d s .
I t  is i n t o  t h e s e  f u n n e l s  t h a t  d u c t s  o r i g i n a t i n g  
f r o m  t h e  p e r i c a r d i a l  g l a n d s  o p e n .  A l t h o u g h  v i s i b l e  i n  
s e r i a l  s e c t i o n s  ( P l a t e  2 l A  & B ) , t h e  e x t e n t  o f  t h e  d u c t  
s y s t e m  w a s  b e s t  d e m o n s t r a t e d  b y  i n j e c t i o n  o f  p l a s t i c  r e s i n  
( B a t s o n ' s  N o .  17 a n a t o m i c a l  c o r r o s i o n  c o m p o u n d )  i n t o  t h e  
p e r i c a r d i a l  c a v i t y  o f  an  i n t a c t  a n i m a l  ( Pla t e  23). T h e  
f u n n e l  r e g i o n  is c l e a r l y  v i s i b l e  w i t h  n u m e r o u s  b r a n c h e s  (at 
l e a s t  1 0  i n  e a c h  g l a n d )  r e p r e s e n t i n g  d u c t s  l e a d i n g  f r o m  t h e  
g l a n d .  T h e  d u c t s  s u b d i v i d e  i n t o  s m a l l e r  b r a n c h e s  i n  e a c h  
g l a n d ,  t e r m i n a t i n g  i n  s o m e  i n s t a n c e s  i n  a c i n a r - l i k e  c h a m b e r s .
T h e  o r g a n i z a t i o n  r e v e a l e d  b y  t h e  r e p l i c a  m a y  b e  
t a k e n  t o  r e p r e s e n t  a c o m p o u n d  t u b u l o a c i n a r  g l a n d  ( B l o o m  & 
F a w c e t t ,  1 9 7 5 ) .  C o n f i r m a t i o n  o f  t h i s  w a s  d i f f i c u l t  t o  f i n d  
h o w e v e r  f r o m  e x a m i n a t i o n  o f  f r e s h  a n d  f o r m a l i n - f i x e d  t i s s u e .  
T h e  e x i s t e n c e  o f  t y p i c a l  n e t w o r k s  o f  c o l l e c t i n g  d u c t s  w i t h  
t e r m i n a l  g l a n d u l a r  a c i n i  w a s  n o t  f o u n d .  I n  c o n t r a s t  t h e  
g l a n d  a p p e a r s  t o  b e  c o m p o s e d  o f  a s i n g l e  m a s s  o f  h o m o g e n e o u s  
t i s s u e  w i t h  o n e  e p i t h e l i a l  c e l l  ty pe.  S e c t i o n s  o f  t h e  g l a n d ,  
r e g a r d l e s s  o f  p l a n e  o f  s e c t i o n ,  n e a r l y  a l w a y s  r e v e a l  g l a n d u l a r
112
PLATE 23 Scrobicularia plana :
Pericardial Gland Duct System
A. Lateral view of a plastic injection replica 
(Bateson's No. 17 anatomical corrosion compound) 
of the pericardial cavity (PC). The left 
pericardial gland duct system is outlined in 
red.
N.B. The arrowed region on the dorsal surface 
of the replica represents plastic ^ that has 
leaked from the injection site.
X 9 : Scale bar = 2.0mm
B. Dorsal view of the anterior end of the replica. 
The duct system of the pericardial glands (PGdu) 
opens into the funnel-shaped horns of the 
pericardial cavity annexe (an).
X 19 : Scale bar = 1mm
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lobes circular or semi-circular in section, suggesting the 
presence of closely packed acinar-like structures without 
separate collecting ducts. Evidence of connections between 
the glandular lobes can be seen in etched paraffin sections 
examined by SEM (Plate 24) . By means of such interconnections 
it appears that the glandular lobes alone form the network 
of 'collecting ducts' which open into the pericardial cavity.
The gland is not surrounded by a connective tissue 
capsule which would be expected in a typical gland (Bloom & 
Fawcett, 1975). In contrast the glandular lobes ramify 
freely between the palliai blood spaces and the auricle 
(Plate 25A).
The cells are characteristically columnar to 
pyramidal in shape 10-20um high and 10-I5;im wide. The 'ducts' 
are lined with gland cells similar to those found deep in 
the gland (but uniformly taller). A resemblance is also seen 
between the 'duct' gland cells and the atypical auricular 
epicardial cells described previously. This resemblance is 
most obvious where the gland cells extend on to the posteriorly 
directed wall of the funnel region (Plate 22B). In a few 
instances gland cells occur around the ventral edge of the 
pericardial gland arch facing towards the heart. In this 
situation it is difficult to ascertain where the glandular 
epithelium of the pericardial gland ends and the auricular 
epicardium begins.
The fine structure of the gland is best seen in
PLATE 24
PLATE 25
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PLATES 24-25 Scrobicularia plana ;
Pericardial Gland
A. SEM of an etched horizontal longitudinal wax 
section of the right pericardial gland (PG). 
X 172 : Scale bar = lOOjLim
B. Detail of A showing the interconnecting 
glandular lobes of the gland.
X 861 ; Scale bar =. 25)im
A. Horizontal longitudinal wax section through
the pericardial cavity (PC) showing the left
pericardial gland (PG) freely ramifying 
through the blood spaces (bs) leading to 
the auricle (Au).
X 140 = Scale bar - lOO^m
B. Section cut ventral to A.
Note that a clear demarcation between PG 
and Au cannot be seen at this level.
X 140 ; Scale bar = 100)im
Abbreviations
bs, blood space; lu, lumen; m, mantle ; mf, muscle 
fibre; PGc, pericardial gland cell; V, ventricle.
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areas where the glandular lobes are less densely packed 
together. In such areas (Plate 26A) the gland cell bodies 
are often separated from each other by a gap of over lOpm.
In these circumstances the only link between cell bodies is 
by several thin basal processes (Plate 26A, bp) . From each 
process arises an interdigitating network of smaller processes, 
The processes or pedicels (Plate 2?A) are characteristic 
features of podocytes involved in the process of ultra­
filtration. The pedicels are 100-200nm wide and separated 
from each other by a gap (filtration-slit) of approximately 
25nm. Contact between neighbouring cells is primarily through 
bridging diaphragm structures between pedicels, termed slit- 
diaphragms (Plate 2 7A, sd). Desmosomes occur only in a few 
instances in an apical position between some of the larger 
basal processes (Plate 27B). Underlying the pedicels there 
is a continuous basal lamina 12-50nm thick. Collagen and 
isolated smooth muscle fibres also occur beneath the basal 
lamina in the blood space surrounding the glandular lobes.
The free surfaces of the gland cell bodies, i.e. 
apical, lateral and basal where the cell body is raised up 
over the pedicels, is covered with short (0.5-ljam) microvilli.
Various vacuolar-like inclusions occur within the 
cell bodies of the gland cells. The size and number of 
inclusions varies considerably in different regions of the 
same gland as well as in glands from different animals (c.f. 
Plate 28A & B). At least seven categories of inclusion
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P L A T E  26 
A.
B.
P L A T E  27 
A.
B.
C.
D.
P L A T E S  2 6 - 2 7  Scrobicularia plana :
________ P e r i c a r d i a l  G l a n d _____________
W a x  s e c t i o n  of  a s i n g l e  g l a n d u l a r  l o b u l e  s h o w i n g  
a t h i n  b a s a l  p r o c e s s  (bp) l i n k i n g  g l a n d  c e l l s  
(PGc) .
X 1 3 5 0  : S c a l e  b a r  =  15;im
T r a n s m i s s i o n  e l e c t r o n  m i c r o g r a p h  (TEM) o f  a 
l o b u l e  s h o w i n g  v a r i o u s  c e l l u l a r  i n c l u s i o n s  (I,
II, I V  & V) d e s c r i b e d  i n  t h e  t e x t  a n d  T a b l e  3.
N . B .  s e e  P l a t e  29 f o r  f u r t h e r  c a t e g o r i e s  o f  
i n c l u s i o n .
X 5 1 2 5  : S c a l e  b a r  =  5. O^im
D e t a i l  o f  t h e  b a s a l  p r o c e s s  l i n k i n g  g l a n d  c e l l s .
T h e  p r o c e s s  is f o r m e d  f r o m  a u n i f o r m  n e t w o r k  o f  
f i n e  i n t e r d i g i t a t i n g  p r o c e s s e s  t e r m e d  p e d i c e l s  
( p d ) . T h e  p e d i c e l s  a r e  s e p a r a t e d  b y  a  u n i f o r m  
g a p  o r  f i l t r a t i o n - s l i t  (fs) w h i c h  is b r i d g e d  b y  
a s l i t - d i a p h r a g m  ( s d ) .
X 1 1 4 , 0 0 0  : S c a l e  b a r  = 2 5 0 n m
In  m o s t  i n s t a n c e s  c e l l s  a r e  j o i n e d  b y  t h e  p e d i c e l  
n e t w o r k .  C e l l  j u n c t i o n s  i n  t h e  f o r m  o f  d e s m o s o m e s  
(des) d o  h o w e v e r  o c c u r  a l b e i t  r a r e l y .  M i c r o v i l l i  
(mv) o c c u r  a l o n g  a p i c a l  a n d  l a t e r a l  c e l l  s u r f a c e s .
X 12,400 ; S c a l e  b a r  = 2.0>im
G l a n d  c e l l  a p i c a l  r e g i o n  s h o w i n g  p i n o c y t o t i c  
v e s i c l e s  (pv) f o r m i n g  b e t w e e n  m i c r o v i l l i .  S m o o t h  
e n d o p l a s m i c  r e t i c u l u m  ( s e r ) , a n d  v a c u o l a r  i n c l u s i o n s  
c o n t a i n i n g  *m e m b r a n e - r i n g ' s t r u c t u r e s  (mr) a r e  a l s o  
p r e s e n t .
X 2 6 , 2 5 0  ; S c a l e  b a r  =  1 , 0 m m
D e t a i l  o f  l i p o f u s c i n - l i k e  i n c l u s i o n  ( V ) . N o t e  t h e  
h e t e r o g e n o u s  n a t u r e  o f  t h i s  c a t e g o r y  o f  i n c l u s i o n .  
S c a l e  b a r  =  l . O m mX  2 3 , 2 5 0  
A b b r e v i a t i o n s
b l ,  b a s a l  l a m i n a ;  b s , b l o o d  s p a c e ;  lu, l u m e n ;  n, n u c l e u s
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PLATE 28 Scrobicularia plana
Pericardial Gland
H o r i z o n t a l  l o n g i t u d i n a l  w a x  s e c t i o n s  o f  t h e  
g l a n d  f r o m  t w o  a n i m a l s .  N o t e  t h e  v a r i a t i o n  
b e t w e e n  a n i m a l s  w i t h  r e g a r d  t o  t h e  n u m b e r s  
o f  c e l l u l a r  i n c l u s i o n s  ( i n c ) .
In  s e c t i o n  A  t h e r e  a r e  r e l a t i v e l y  f e w  
i n c l u s i o n s  w h e r e a s  i n  s e c t i o n  B  t h e r e  a r e  
n u m e r o u s  c o n s p i c u o u s  r o u n d  i n c l u s i o n s .
A  & B  X  3 7 0  : S c a l e  b a r  =  5 0 m m
A b b r e v i a t i o n s
bs ,  b l o o d  s p a c e ;  n, n u c l e u s .
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designated I to VII may be discerned in the cells (Table 3; 
Plate 26B & 29A & B). It is debatable whether they are 
different types of inclusion or merely various stages of 
one or at least relatively few types. In the case of 
categories I and II, bodies of intermediate electron-density 
occur. Further confusion may also arise with variations in 
the plane of section. Taking these factors into consideration 
it is possible to re-group the inclusions into three main 
categories :-
A - Category I, II, III & VI round-irregular homo­
geneous granular inclusions
B - Category IV & VII round-irregular clear 
vacuolar inclusions 
containing varying quantities 
of material
C - Category V - round-irregular inclusions
containing heterogeneous 
material
Inclusions in category A occasionally have out­
pushings resembling parts of the extensive ser network found 
in the gland cells (arrowed Plate 30A). Etched resin sections 
(Plate 30C) of similar regions confirm these connections, 
providing additional evidence that these particular inclusions 
may be swollen regions in an extensive reticular network 
running throughout the cytoplasm (Fig. 8). In a few instances
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PLATES 29—30 Scrobicularia plana
Pericardial Gland
Micrograph showing cells with large ( >*3.Q;im) 
round cellular inclusions (Category III) similar 
to those seen in Plate 28B.
X 5500 : Scale bar = 5.0pm
Variability between cells is shown compared 
with A. A further form of inclusion (VII) is 
present (see Table 3).
X 10,250 : Scale bar = 2.Qum
PLATE 30
A possible relationship is shown between some 
cellular inclusions (inc) and elements of the 
smooth endoplasmic reticulum (ser). In some 
regions (A) the ser is continuous with the 
inclusions (arrowed).
SEM of etched resin sections C show connections 
between inclusions and structure that may 
represent elements of the reticular system 
(arrowed).
A X 42,500 : Scale bar = 0.5pm
B X 54,000 : Scale bar = 0.5pm
C X 17,825 ; Scale bar = 1.0pm
Abbreviations
bs, blood space; lu, lumen; mv, microvilli; pd, pedicels
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microvilli
plasma membrane
vacuole';.-v'
reticular network
vesicle fused to 
the plasma membrane 
and part of the
vesicle
reticular network
0.5 pm
F i g . 8. Scrobicularia plana : Pericardial gland cell apical 
reticular network.
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(Plate 3OB arrowed) the reticular system opens into vesicles 
fused with the apical cell membrane. The contents of the 
reticular network vary considerably, in places they are 
concentrated and electron—dense whereas in others they 
appear 'empty'. The relationship between the small Category 
A inclusions and the much larger inclusions of a similar type
(Type III Plate 29A) is unclear. ,
Inclusions of the clear Type IV (Category B) 
resemble in some respects the apical vacuoles seen in the 
distal limb of the kidney. Similar outpushings into the 
vacuole from the vacuolar membrane occur along with 'membrane- 
bound spherules'inside the vacuole (Plate 21C),
Varying amounts of granular material accumulate 
in inclusions of the Type IV variety. The material in some 
cases occupies more than half the diameter of the vacuole.
In such instances the vacuole may be designated Type VII 
to distinguish it from other clear vacuoles. The similarities 
between these two forms of vacuole are great and hence it is 
likely that they are different stages of one vacuolar system.
The third distinctive category of inclusions 
(Category C) contains forms that are different from the other
two. The material within the inclusions is of a heterogeneous
nature bearing some resemblance to lipofuscin (Plate 2 7D).
Results from the ferritin tracer experiment show a 
concentration gradient of ferritin across the basal lamina/ 
pedicel complex between the blood space and gland lumen
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shortly after injection (Plate 31A). The ferritin concentration 
remains high in the blood and very low (isolated molecules of 
ferritin present) in the lumen throughout the 48 hours of the 
experiment.
The basal lamina appears to offer resistance to the 
movement of ferritin with many molecules becoming lodged in 
its matrix. Numerous molecules do however pass through into 
the space beneath the pedicels and cell bodies. In view of 
the low concentration of ferritin in the lumen above the 
pedicels it seems likely that further resistance to the 
movement of ferritin occurs at the pedicel level.
Ferritin trapped above the basal lamina appears to 
be taken up by the basal regions of the gland cell bodies 
(Plate 3IB). Ferritin taken up accumulates in the Category B 
inclusions (Plate 31C & D) and simultaneously in greater 
quantities in Category A inclusions (Plate 32A & B).
After 12 hours the cells contain considerable quantities 
of ferritin in the inclusions. Ferritin also occurs in parts 
of the SER and vesicles fused to the surface membranes of the 
cells (Plate 32C & D).
Summarizing the ferritin results, the gland cells 
abstract ferritin from the blood and possibly from the filtrate 
by pinocytosis and accumulate it in inclusions. The fate of 
the 'loaded' inclusions was not apparent after 48 hours.
Small quantities of ferritin may however be lost from the 
cells by merocrine secretion by way of the cells' reticular
i:$2
PLATES 31-32 Scrobicularia plana :
Ferritin Uptake by Pericardial Gland Cells at Specified
Times after Injection of Ferritin into the Blood System
PLATE 31 
A.
B.
C.
D.
PLATE 32 
A.
B.
C.
D.
1 hour after injection. Note the formation of a 
concentration gradient of ferritin (F) across the 
basal lamina (bl)/pedicel (pd) complex. Some 
ferritin (arrowed in red) appears to have passed 
through the basal lamina.
X  87,000 ; Scale bar = 250nm
As A. Numerous molecules of ferritin appear en­
trapped in the basal lamina. Ferritin that event­
ually passes through the basal lamina is taken up 
by the gland cells (arrowed in red).
X  130,500 : Scale bar = 200nm
12 hours after injection. Ferritin is concentrated 
within the cells in vacuole-like inclusions (inc).
X  54,375 : Scale bar = 0.5pm
Detail of a similar region to C.
X 144,000 ; Scale bar = lOOnm
12 hours after injection. As well as accumulating 
in open vacuole-like inclusions shown in Plate 31,
C & D, ferritin also accumulates in much more 
concentrated masses in some inclusions (inc).
X 32,250 : Scale bar = 0.5pm
As A.
X  30,000 : Scale bar = 0.5pm
As A showing isolated ferritin in pinocytotic 
vesicles (pvj opening into the gland lumen (lu).
X  90,000 ; Scale bar = 250nm
48 hours after injection. The cells still contain 
ferritin in inclusions. As in C, ferritin is also 
present in pinocytotic vesicles fused to the cell 
membrane between microvilli (mv) . Magnification as C.
Abbreviations
bs, blood space; lu, lumen; me, microvilli.
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network.
The basal lamina/pedicel complex appears to be an 
effective barrier to the movement of ferritin from the blood.
5. Venous Pathways of the Renopericardial Complex
There are four main venous sinuses feeding blood 
to the auricles (Fig. 9)
i. The efferent palliai vein draining blood from 
the mantle and pericardial gland.
ii. The efferent branchial vein draining the viscera 
and pedal musculature, through the kidney.
iii. As (ii) but by-passing the kidney.
iv. As (iii) via the inner ctenidial demibranch and 
efferent branchial vein.
The link between mantle, pericardial gland and auricle 
was seen in sections (Plate 25) with blood spaces extending 
through the ramifying tissue of the pericardial gland to the 
auricle. Confirmation of this link can be shown by injecting 
methylene blue solution into the efferent branchial vein of 
the ctenidia (Fig. 9 Eff br) of a formalin-fixed animal. Dye 
passes along the vein into the auricle which fills and expands 
passing dye into the ventricle and pericardial gland. Seen 
from the mantle cavity the dye appears in the anterior region 
of the gland and radiates out into the palliai blood spaces. 
Under natural conditions it might be expected that blood
136
Fig,9. Diagram of the venous blood system of 
Scrobicularia nlana.
Blood from visceral sinuses. 
Blood from palliai sinuses.
Aff br = Afferent branchial vein. 
Eff br = Efferent branchial vein. 
lv=linking vessel
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normally flows through the pericardial gland in the reverse 
direction to that of the injected dye from the palliai 
blood spaces to the auricle.
The main venous pathway from the viscera and pedal 
musculature appears to be through the kidney. A large blood 
sinus connects the postero-dorsal margin of the visceral mass 
(slightly postero-ventral to the pericardial cavity) with 
the kidney. The sinus is also a pathway in which the cerebro- 
visceral connectives pass through the kidney to the visceral 
mass. The pedal retractor muscle emerges from the
viscera in the same region and passes in a postero-dorsal 
direction behind the posterior region of the kidney.
The passage of blood through the kidney is closely 
associated with that of the overlying ctenidia. The 
anatomical structure of the ctenidia of Scrobicularia and 
other members of the Tellinacea has been extensively studied 
with respect to ciliation and feeding currents (Ridewood,
1903; Atkins, 1937a, b; Yonge, 1949) but the blood circulation 
has been somewhat neglected.
Each ctenidium of Scrobicularia consists of two 
demibranchs, an inner demibranch with ascending and descending 
lamellae and an outer reduced demibranch that is reflected 
dorsally from the ctenidial axis as a single flat lamella 
covering and fusing with the kidney.
The relationship between kidney and ctenidial 
circulation is outlined in Figure 9. An efferent renal/
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afferent branchial vein (Aff br) arises from the dorsal surface 
of the kidney and passes down the posterior margin of the 
outer demibranch. Ctenidial filaments with underlying septa 
contain blood spaces which pass from the afferent vein 
diagonally across the kidney to the efferent branchial vein 
situated beneath the gill axis. The efferent branchial vein 
carries blood from both demibranchs direct to the auricle.
Along the dorsal margin of the outer demibranch the 
filaments originate individually from the kidney surface with 
no distinct blood vessel connecting them laterally. At the 
anterior tip of the demibranch overlying the auricle the septal 
vessels of the ctenidial filaments open directly into the 
auricle instead of the efferent branchial vein.
In sections (Plate 33) the ctenidial interlameliar 
septa are distinguishable as two types, high and low 
(Ridewood, 1903). The high septa (Hsp) fuse with the kidney 
(Fig. 10) whereas the low septa (Lsp) pass over the kidney.
There are three main circulatory routes through the 
kidney. Firstly, blood passes dorsally through the kidney 
and into the afferent branchial vessel of the outer demibranch 
(Fig. 9). From this point it passes ventrally to the margin 
of the demibranch radiating out into the ctenidial septa (both 
high and low) back to the efferent branchial vessel and auricle. 
A second modified route occurs when blood passes directly into 
the septa along the dorsal surface of the kidney instead of 
the afferent branchial vessel. Once in the septa however, the
i4o
PLATE 33 Scrobicularia plana
Kidney-Ctenidial Blood Spaces
Horizontal longitudinal wax sections showing 
the relationship between the high and low 
interlameliar septa (Hsp & Lsp) of the outer 
demibranch of the ctenidium (OD) and the 
blood spaces (bs) of the distal limb of the 
kidney (DLK).
A X 145 ; Scale bar = 100;om 
B X 370 ; Scale bar = 50>im
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ctenidial filaments
ostia
low interlamellar 
septum (Lsp)
high interlamellar 
septum(Hsp)
blood
space
distal .limb of 
kidney
kidney lumen
100 Jim
Fig. 10. S r r n M  nularia p l a n a  : Blood circulation
b e t w e e n  k i d n e y  and outer upturned ctenidial
demibranch.
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blood passes in a similar manner back to the auricle.
A third possible route involves the low ctenidial 
septa fused to the surface of the kidney. Blood may pass 
directly from the kidney into the septa. Such a system would 
offer a means of shunting blood back to the efferent branchial 
vessel by-passing a large part of the kidney.
The kidney tapers ventrally where a blood space lies 
under the postero-ventral tip of the outer demibranch close 
to the exhalent siphon. Vessels from the posterior adductor 
muscle (PAM) and pedal retractor muscle open into this space.
A third vessel links the blood space to the afferent 
branchial vessel of the inner demibranch. The function of 
this linking vessel (Fig. 9 Iv) is obscure. Blood from the 
afferent branchial vein of the inner demibranch may pass 
through the linking vessel and follow the route of the blood 
from the muscles passing to the efferent branchial vessel.
Some of this blood may pass through the kidney before reaching 
the efferent branchial vessel. Conversely blood from the 
muscles may be partly shunted into the afferent branchial 
vein of the inner demibranch and pass directly to the 
efferent branchial vein and auricle.
In some sections of the kidney (Chapter III, Plate 4) 
the distal limb appears to have a blood space continuous 
with the auricle. Blood may therefore flow directly from the 
kidney into the auricle without the intervention of the 
ctenidial vessels. Injections of methylene blue solution into
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the auricle and efferent branchial vein of several animals 
failed however to show any appreciable penetration of blood 
from the auricle into the kidney. It seems likely that if 
such a link occurs it is of minor importance.
Blood from the viscera can return to the auricle via 
a fourth route through the inner ctenidial demibranch. This 
receives blood from a relatively small afferent branchial 
vein (compared with that of the outer demibranch) that runs 
along a ridge of tissue connecting the ascending ctenidial 
filaments to the muscular covering of the visceral mass.
Blood enters the afferent vein from the viscera anteriorly 
(Fig. 9) with additional blood possibly entering along its 
length from the underlying muscles.
In contrast to the outer demibranch, the ctenidial 
filaments and septa of the inner demibranch are bent double 
to form ascending and descending lamellae. In such an 
arrangement the septa appear to fuse between the apposing 
limbs of the filaments of the demibranchs forming pocket­
like compartments. Numerous congregations of haemocytes 
were noted in some of the compartments. The extent of the 
blood flow through the septa is hard to ascertain. It seems 
likely however that since the afferent and efferent veins are 
adjacent flow may be mainly through the dorsal portions of 
the septa with markedly less mixing towards the ventral 
margin of the demibranch. Blood leaving the septa passes 
directly into the efferent branchial vein. At the dorsal
143
margin of the demibranch overlying the auricle blood spaces 
of the septa empty directly into the auricle.
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THE RENOPERICARDIAL COMPLEX OF Anodonta cygnea (Linné)
A COMPARISON WITH Scrobicularia plana (da Costa)
Anodonta is perhaps one of the most familar bivalves 
studied and is often taken as an example of generalized 
bivalve organization in many basic textbooks and dissection 
guides.
Although not closely related to Scrobicularia, the 
main species studied, the renopericardial complex of Anodonta 
was briefly examined as a comparison between an estuarine and 
freshwater burrowing bivalve.
In many respects, such as the position and shape of 
the heart and pericardial glands, the renopericardial complex 
of Anodonta (Fig. 11) is similar, but on a larger scale to 
that of Scrobicularia. Marked differences however occur in 
the organization and position of the kidney.
1. The Kidney
In Scrobicularia the kidney is posterior to the 
pericardial cavity and consequently the renopericardial 
canals leave the pericardial cavity at its posterior end. In 
Anodonta the kidney lies ventral to the pericardial cavity and 
the renopericardial openings are situated anteriorly in a
I
small annexe termed the 'nebenhohle' by Keber (White, 1937), 
separated from the main cavity (housing the heart) by out­
pushings of the pericardial wall (Fig. 11). In freshly
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dissected animals the outpushings form a muscular sphincter 
around the anterior aorta and gut, separating the two 
cavities. Removal of the heart and gut reveals the floor
I
of the nebenhohle (Plate 34A) and the renopericardial 
openings, leading ventrally out of the chamber. Anterior 
to the renopericardial openings numerous openings in the 
lateral walls lead from the red-brown pericardial glands 
that lie against the pericardium at this point.
The renopericardial openings open into short 
ciliated renopericardial canals which in turn communicate 
with the proximal part of the kidney (Plate 34B). The 
proximal limb of the kidney passes posteriorly ventral to the 
pericardial cavity along its length to an expanded region 
abutting the posterior adductor muscle. At this point the 
kidney turns back on itself to form the distal limb or bladder 
(Fernau, 1914; Potts, 1967). The distal limb passes anteriorly 
towards the kidney openings (Fig. 11, Ko) situated ventral to 
the renopericardial canal.
Although the kidney openings and renopericardial 
openings of Anodonta are in a different position from those 
of Scrobicularia, they are in similar positions relative to 
each other. The kidney openings from the distal limb to 
the suprabranchial chamber are shown in Plate 35A (Spbc). 
Alongside the kidney openings the smaller renopericardial 
canals can also be seen. Moving anteriorly (Plate 35B)
I
the renopericardial canals open into the nebenhohle through 
the renopericardial openings. The lumen of the distal limb
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PLATE 34 Anodonta cygnea :
Pericardial Cavity
Ventral view of a dissection of the anterior 
end of the pericardial cavity (photographed 
with camera macrophotographic equipment).
A. Removal of the heart reveals the floor of
II
the pericardial cavity (PC) and the nebenhohle
II
annexe (neb). Opening into the nebenhohle are 
are the paired renopericardial and pericardial 
gland openings (RPC & PGO respectively).
N.B. the left pericardial gland openings are 
not visible in the dissection.
B. As A but with the floor of the pericardial 
cavity cut away to reveal the renopericardial 
canals (RPC) and the distal limbs of the " 
kidney (DLK) overlying the proximal limbs (PLK) 
N.B. the outline of the proximal limb is 
visible through the covering distal limb.
A & B X 18 ; Scale bar = 1.00mm
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PLATE 35 Anodonta cygnea : 
R e n o p e r i c a r d i a l  & K i d n e y  O p e n i n g s
A. Transverse wax section just posterior to the
I
nebenhohle region of the pericardial cavity 
showing the distal limbs of the right and 
left kidneys (DLK) with associated kidney 
openings (KO) leading into the suprabranchial 
chambers (Spbc). Median to the distal limbs 
are the paired renopericardial canals (RPC).
B. Serial section anterior to A showing the 
renopericardial openings (RPO) leading into
II
the nebenhohle annex (neb).
A & B X 12.5 : Scale bar = 2.0mm
Abbreviations
AAo, anterior aorta; G, gut; PG, pericardial gland,
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of each kidney extends anteriorly from the kidney opening 
into two tapering blind-ending 'horns'. At their anterior 
limit the horns are completely surrounded by pericardial 
gland tissue.
The distal limbs of the right and left kidneys inter­
connect (Plate 36A) anteriorly, a situation very similar to 
that in Scrobi cularia. Seen side by side, taken out of 
context of the renopericardial complex, the kidneys of the 
two species are very similar in overall layout (Fig. 12). 
However from dissection alone it is apparent that the proximal 
and distal limbs of the kidney differ in organization between 
species.
In Scrobicularia the proximal limb of the kidney is 
a relatively small uncomplicated duct whereas in Anodonta it 
is highly modified with many folded lamellae perpendicular 
to the direction of fluid movement (Plate 36B). The distal 
limb also differs in that in Scrobicularia it is greatly 
folded into glandular lamellae, whereas in Anodonta it is 
a flattened bladder-like sac.
S e r i a l  s e c t i o n s  w e r e  n o t  c u t  t h r o u g h  t h e  w h o l e  l e n g t h  
o f  t h e  r e n o p e r i c a r d i a l  c o m p l e x  o f  Anodonta. I n s t e a d  s o m e  
w e r e  c u t  f r o m  t h e  c e n t r a l  r e g i o n  o f  t h e  k i d n e y  u n d e r l y i n g  t h e  
v e n t r i c l e  a n d  t h r o u g h  t h e  a n t e r i o r  r e g i o n  e n c o m p a s s i n g  t h e
n
k i d n e y  o p e n i n g s ,  r e n o p e r i c a r d i a l  o p e n i n g s ,  n e b e n h o h l e  a n d  
p e r i c a r d i a l  g l a n d s .  F r o m  t h e s e  r e g i o n s  a l o n e  i t  i s  p o s s i b l e  
t o  i d e n t i f y  f i v e  c e l l  t y p e s  i n  t h e  k i d n e y .
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PLATE 36 Anodonta cygnea :
________ Kidney________
A. Transverse wax section of the kidney posterior 
to Plate 35A showing the interconnected right 
and left distal limbs of the kidney (DLK).
The distal limbs overlie the much more elaborate 
folded epithelium of the proximal limb (PLK).
X 12.5 ; Scale bar = 2.0mm
B. Macrophotograph of a longitudinal dissected 
section of the right proximal limb revealing 
the folded walls of the duct. Section 
approximately along axis XX' marked in A.
X 18 ; Scale bar = 1.0mm
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Fig.12. Diagramatic comparison of kidney organization
in Scrobicularia plana (A) and Anodonta cygnea (B),
1^8
A) Scrobicularia plana B) Anodonta cygnea
ANTERIOR
pericardial glands opening 
into nebenhole region of 
I pericardial cavity
pericardial
cavity
renopericardial
openings
<y\ renopericardial 
canals
kidney openings
p e r i c a r d i a lI 
cavity
proximal limb 
of kidney
distal limb 
of kidney
POSTERIOR
opening between right 
and left distal limbs
of kidney
proximal limb of 
kidney
distal limb of
kidney
Section AA* through kidney
proximal limb of 
kidney
distal limb of 
kidney
Section BB’ through kidney
1^ 9
From the nebenhohle region the first cell type forms 
the renopericardial canal that leads into the most anterior 
part of the proximal limb of the kidney. The cells are 
uniform ciliated columnar cells 30;im high with centrally 
placed tapering ovoid nuclei 9-12;am in length.
The proximal limb is composed of two cell types.
The majority of cells are columnar in shape 20-30;im high with 
large conspicuous irregularly shaped concretions 10-I5;am 
in diameter, yellow in colour, situated in the apical half of 
the cells. Seen in TEM the concretions appear as heterogeneous 
electron-dense material (Plate 37 cone). A discontinuous 
membrane encircles some of the concretions which accumulate 
apically, displacing the cell nuclei basally as they increase 
in size. More regular spherical/ovoid (up to 3tim) inclusions 
of the secondary lysosome type (si) also occur in the cells 
along with small ( < l)im) clear vacuoles (vac) containing 
isolated electron-dense particles.
The basal membranes of the cells show extensive 
basal infoldings (b inf). The folds extend in some instances 
over three-quarters the height of the cells. The infoldings 
are characteristic features of a transporting epithelium 
(Berridge & Oschman, 19 72) with mitochondria arranged along 
the folds (Plate 38A). At the base of the folds hemidesmosome 
structures (hd) occur (Kelly, 1966) lying close to the under­
lying basal lamina.
The apical membrane has an extensive covering of
PLATE 37
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P L A T E S  37-38 Anodonta cygnea 
P r o x i m a l  l i m b  o f  k i d n e y
Proximal limb epithelium showing cells with 
conspicuous irregular shaped concretions (cone) 
and well developed basal infoldings (binf) with 
associated concentrations of mitochondria (mit), 
X 8250 : Scale bar = 2.0;jm
P L A T E  38
A.
B.
Detail of the basal infoldings and associated 
mitochondria shown in Plate 37. Hemidesmosomes 
(hd) occur at the basal tips of the infoldings 
overlying the basal lamina (bl) .
X 16,125 ; Scale bar = 1.0pm
Detail of the apical border of the epithelium. 
Typical cell junctions are formed by an apical 
desmosome (des) overlying a septate desmosome 
(sdes).
X 13,750 : Scale bar = 1.0pm
Abbreviations
bl, basal lamina; bs, blood space; ci, cilium; co, 
collagen; gly, glycogen; lu, lumen ; mf, muscle fibre; 
mv, microvilli; n, nucleus ; ser, smooth endoplasmic 
reticulum; si, secondary lysosome; vac, vacuole.
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microvilli (2pm long) projecting from the surface (Plate 38B). 
Isolated cilia also project from the surface amongst the 
microvilli.
Elements of smooth endoplasmic reticulum (ser) filled 
with electron-opague material occur apically along with small 
vesicles fused to the apical membrane. The ser network appears 
considerably reduced compared with that seen in the proximal 
limb of the kidney of Scrobicularia (c.f. Chapter III Plate 
12A) .
The junctional complex (Plate 38B) between cells 
consists of a desmosome 250nm in length below which extends 
a septate desmosome some 2pm in length.
Extensive deposits of rosettes of glycogen occur 
throughout the proximal limb cells (Plate 37 gly). Inter­
spersed amongst the columnar cells of the epithelium isolated 
mucous cells occur (Plate 39A and Table 4 - for histochemical 
data).
The cells of the distal limb form the fourth kidney 
cell type. The cells are typically cuboid (8-12pm) and apart 
from their size, shape and lack of extensive basal infoldings 
(Plate 39) are superficially similar to the proximal limb cells 
with similar inclusions and glycogen deposits. Differences 
also occur in the brush border and junctional complex between 
cells. The brush border is formed from shorter microvilli 
(0.75-1pm) and the septate desmosomes (Plate 40A) are similarly
164
PLATE 39 
A.
B.
PLATE 40 
A.
B.
PLATE 41
PLATES 39-41 Anodonta cygnea :
Proximal and Distal Limbs of the Kidney
Transverse wax section stained using the PAS 
technique showing the relationship between 
proximal and distal limbs of the kidney (PLK &
DLK respectively). Mucous cells (muc) in the 
proximal limb stain PAS positive.
X 420 : Scale bar = 50pm
Distal limb epithelium. The cells lack well 
developed basal infoldings (binf) as seen in the 
proximal limb (cf. Plate 37) but possess similar 
concretions (conc).
X 5812 : Scale bar = 5.0pm
Junctional complex between distal limb epithelial 
cells formed by an apical desmosome (des) and 
septate desmosome (sdes).
X 61,500 ; Scale bar = 250nm
Continuation of the epithelium shown in Plate 39B 
showing a vacuolated cell (vac). Note also the 
presence of cilia (ci) originating from the 
epithelial cells.
X 5125 : Scale bar = 5.0pm
SEM showing the similar apical surfaces of the 
distal (A) and proximal (B) limb epithelia.
X 3475 ; Scale bar = 5.0pm
Abbreviations
bl, basal lamina; bs, blood space ; ci, cilium; co, 
collagen; gly, glycogen ; hd, hemidesmosome; lu, lumen; 
mf, muscle fibre ; mit, mitochondrion ; mv, microvilli ; 
n, nucleus.
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shortened to 0.5pm in length. These differences are not 
obvious in surface views of the two regions (Plate 41). 
Occasionally cells with large vacuoles (lOpm) filled with 
even granular material occur in the distal limb (Plate 40B).
The final cell type of the kidney lines the region 
around the kidney opening at the end of the distal limb. The 
cells are columnar 45-60pm high and ciliated with elongated 
(12-15pm) nuclei.
2. Ventricle
The ventricular epicardium (Vep) is composed of 
flattened cubical epithelial cells 2-6pm high) 6-lOpm wide 
(Plate 42). The cells overlap one another along lateral, 
apical and basal surfaces. The basal regions overlap to 
form basal interdigitating processes (Plate 42A, Ip). As 
a consequence of this overlapping large (up to 5pm) extra­
cellular spaces occur between cells in contracted specimens 
(Plate 42B, Ex sp). The spaces freely communicate basally 
between projections of the cells opening above the basal 
lamina. No conclusive evidence was found of any direct 
communication between the extracellular spaces and the 
pericardial cavity.
Apically the cells are joined together by long 
(3pm) septate desmosomes and short (300nm) apical desmosomes. 
Hemidesmosome-like structures similar to those seen in the 
kidney also occur along the basal margins of the epicardial
170
P L A T E S  4 2 - 4 3  Anodonta cygnea 
V e n t r i c l e
PLATE 42
B,
P L A T E  43
B
V e n t r i c u l a r  e p i c a r d i u m  ( V e p ) . T h e  b a s a i  r e g i o n s  
o f  t h e  c e l l s  a r e  d e v e l o p e d  i n t o  i n t e r d i g i t a t i n g  
p r o c e s s e s  ( I p ) .
X  6 2 5 0  ; S c a l e  b a r  = 2 . 0 p m
A n  e x t r a c e l l u l a r  s p a c e  (exsp) f o r m e d  w i t h i n  t h e  
e p i c a r d i u m  b y  e x t e n s i o n s  o f  t h e  b a s a l  c e l l u l a r  
i n t e r d i g i t a t i n g  p r o c e s s e s .
X  1 0 , 0 0 0  : S c a l e  b a r  = 2 . 0 p m
D e t a i l  o f  a n  e x t r a c e l l u l a r  s p a c e  ( E x s p ) . N o t e  
t h a t  t h e  s p a c e  is c o n t i n u o u s  w i t h  t h a t  over-, 
l y i n g  t h e  b a s a l  l a m i n a  ( b l ) . H e m i d e s m o s o m e s  - 
(hd) o c c u r  a t  r e g u l a r  i n t e r v a l s  l i n k i n g  t h e  
b a s a l  l a m i n a  t o  t h e  e p i c a r d i a l  c e l l s .
X  4 0 , 0 0 0  ; S c a l e  b a r  =  0 . 5 p m
E p i c a r d i a l  j u n c t i o n  c o m p l e x  f o r m e d  b y  an a p i c a l  
d e s m o s o m e  (des) a n d  s e p t a t e  d e s m o s o m e  ( s d e s ) .
X 2 0 , 5 0 0  ; S c a l e  b a r  =  1 . 0 p m
A b b r e v i a t i o n s
b s , b l o o d  s p a c e ;  m f ,  m u s c l e  f i b r e  ; m i t ,  m i t o c h o n d r i o n ;  
m t ,  m i c r o t u b u l e  ; m v ,  m i c r o v i l l i ;  n,  n u c l e u s ;  P C ,  
p e r i c a r d i a l  c a v i t y ;  r e r ,  r o u g h  e n d o p l a s m i c  r e t i c u l u m ;  
s e r ,  s m o o t h  e n d o p l a s m i c  r e t i c u l u m ;  s i ,  s e c o n d a r y  
l y s o s o m e .
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cells linking to the underlying basal lamina (Plate 43A).
The apical membrane of the epicardial cells is 
developed into short ( < 1pm) widely spaced microvilli 
(Plate 4 2A, mv) with microtubules (Plate 43B, mt) running 
along their length. Mitochondria are concentrated towards 
the apical border of the cells (Plate 42A). Membrane- 
bound vacuoles ( < 0.5pm) resembling secondary lysosomes 
(Plate 43B, si) filled with fine granular material also 
occur in the apical cytoplasm.
Extensive reticular networks of smooth and rough 
endoplasmic reticulum occur throughout the cells (Plate 
43B, ser, rer). In places the two networks merge together.
3. Auricle
The auricular epicardium is composed of squamous 
epithelial cells. The cells appear very similar in surface 
views as those of the ventricular epicardium (c.f. Plate 44A 
& B) . Both show a pavement-like arrangement with dense bands 
of microvilli delimiting the cell boundaries.
The auricular epicardium is generally thinner (2pm) 
than that of the ventricle (Plate 45, oblique section). The 
cells show similar overlapping but lack any large extra­
cellular spaces. The epicardium in the cells examined is 
similar to that of the squamous regions of the auricle of 
Scrobicularia. It is continuous and pedicels do not occur. 
There are fewer inclusions in the auricular epicardium than
174
P L A T E  44 Anodonta cygnea ; 
A u r i c u l a r  a n d  V e n t r i c u l a r  E p i c a r d i a
M i c r o g r a p h s  s h o w i n g  t h e  s i m i l a r i t y  b e t w e e n  t h e  
a p i c a l  s u r f a c e s  o f  t h e  a u r i c u l a r  (A) a n d  
v e n t r i c u l a r  e p i c a r d i a  ( B ) . A  d e n s e  b o r d e r  o f  
m i c r o v i l l i  (mv) d e l i m i t s  i n d i v i d u a l  e p i c a r d i a l  
c e l l s .
A  X 8 7 8 0  : S c a l e  b a r  =  2 . 0 p m  
B  X  8 0 4 0  ; S c a l e  b a r  =  2 . 0 p m
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P L A T E  45 Anodonta cygnea ;
___________ A u r i c l e _____________
A. A u r i c u l a r  e p i c a r d i u m  ( A u e p ) .
X  1 0 , 0 0 0  : S c a l e  b a r  =  2.0;iin
B. A s  A. D e t a i l  o f  e p i c a r d i a l  c e l l  b o d y  s h o w i n g  
j u n c t i o n  c o m p l e x  b e t w e e n  c e l l s  f o r m e d  b y  a n  
a p i c a l  d e s m o s o m e  (des) a n d  s e p t a t e  d e s m o s o m e  
( s d e s ) .
X  2 0 , 0 0 0  : S c a l e  b a r  = l.O^pm
A b b r e v i a t i o n s
b s , b l o o d  s p a c e ;  b l ,  b a s a l  l a m i n a ;  co, c o l l a g e n ;  
g l y ,  g l y c o g e n  ; m i t ,  m i t o c h o n d r i o n ;  m v ,  m i c r o v i l l i ;  
n, n u c l e u s ;  PC, p e r i c a r d i a l  c a v i t y ;  r e r ,  r o u g h  
e n d o p l a s m i c  r e t i c u l u m ;  s e r ,  s m o o t h  e n d o p l a s m i c  
r e t i c u l u m .
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in the ventricular with markedly less endoplasmic reticulum. 
Glycogen in the form of oc rosettes is present in clumps 
throughout the cells (Plate 45B, gly).
4. Pericardial Gland
The pericardial glands of Anodonta are very similar 
in shape, position and structure to those of Scrobicularia 
(Fig. 7 ) .
The gland openings are more numerous and spread over 
a wider area than those found in a similar position in 
Scrobicularia, Injection of plastic resin into the pericardial 
cavity proved unsuccessful as a means of demonstrating the 
duct system, though it was perfected for Scrobicularia 
(Chapter III, Plate 23). The main pericardial cavity was 
used as the injection site to lessen the risk of damaging 
the pericardial glands. In all injections a great deal of 
resistance was encountered as resin flowed into the pericardial 
cavity. After many attempts it was found that resin failed
II
to penetrate the nebenhohle region. It seems likely that the 
sphincter between the two cavities prevents the flow of fluid 
from the main 'cardiac' chamber of the pericardial cavity to 
the annexe. If this is so then the heart can be considered 
to be in a 'sealed' constant volume chamber leaving the peri­
cardial gland openings and kidney in direct communication
II
with each other through the nebenhohle.
The main body of the gland is composed of numerous
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lobules similar to those of Scrobicularia, The lobules are 
lined by podocytes (Plate 46) with extensive networks of 
interdigitating pedicels (Plate 47A pd). Details of the 
pedicels are given later in Chapter VI. In contrast to 
Scrobicularia the podocyte cell bodies are widely spaced in 
the majority of lobules with a resultant increased surface 
area of exposed pedicels. This is most clearly seen in 
surface views (Plate 46B) where the cell bodies (cb) can be 
seen with their radiating interdigitating pedicels.
Further differences occur between the podocytes of 
Anodonta and Scobicularia, The cells of Anodonta lack micro­
villi and extensive networks of endoplasmic reticulum.
They do however sometimes contain large (up to 15pm) 
concretions which appear to have a trilameliar structure 
(Plate 46A), with an outer irregular electron-dense band of 
material surrounding a denser granular spherical body which 
in turn surrounds a central dense core. In some instances 
(Plate 47B) a crystalline body (Xst) forms the central core 
of the concretions. In one section an inclusion with a 
crystalline core appeared free in the gland lumen (Plate 47C). 
Once in the lumen the inclusion might be expected to pass
II
out of the gland into the nebenhohle region of the pericardial 
cavity from which it would be drawn into the kidney by the 
ciliary action of the renopericardial canals.
In view of the somewhat isolated and 'sealed' aspect 
of the nebenhohle the ciliary activity of the renopericardial
i8o
PLATES 46-47 Anodonta cygnea
Pericardial Gland
P L A T E  46 
A.
B.
P L A T E  47
B,
Pericardial gland lobule. Gland cells (PGc) 
show characteristic features of the podocyte 
cell type with extensive basal projections that 
form an interdigitating network of pedicels (pd) 
X 2625 ; Scale bar = 5.0pm
SEM of a gland lobule showing the widely 
spaced gland cell bodies (cb) linked only by 
the pedicel network.
X 4500 : Scale bar = 5.0pm
Pericardial gland cell. Pedicels (pd) radiate 
from the base of the cell body and interdigitate 
with pedicels from neighbouring cells. The 
electron dense cellular inclusion (inc) lacks 
the concretion structure (cone) seen in similar 
inclusions in Plate 46A.
X 10,000 : Scale bar = 2.0pm
Detail of a crystalline core (Xst) found in 
some gland cell concretions.
X 45,625 : Scale bar = 0.5pm
An isolated example of a concretion with 
crystalline core free in the gland lumen (lu).
X 12,375 ; Scale bar = 2.0pm
Abbreviations
bl, basal lamina; bs, blood space; co, collagen; 
cone, concretion; lu, lumen; mf, muscle fibre
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canals might be responsible for drawing fluid continually from 
the pericardial glands by contributing to the creation of a 
pressure gradient needed to bring about ultrafiltration.
5. Ferritin Tracer Experiments
In contrast to the results obtained for Scrobicularia, 
ferritin was not obvious in the blood spaces of the pericardial 
gland or kidney in Anodonta, The results were confused by the 
presence of a particulate contaminant in the blood and 
surrounding tissue. Contamination was apparent in unstained 
tissue and control animals and therefore seems likely to have 
originated from the fixative/buffer solutions used. It is 
possible that somewhat unstable s-collidine buffer was the 
source. Bennett and Luft (1959) attribute contamination from 
less completely methylated pyridenes as one of the main draw­
backs of collidine buffers. The contaminants form crystalline 
complexes with osmium tetroxide and yield inferior fixing 
solutions.
Consequently it was difficult to distinguish between 
isolated ferritin molecules in the blood spaces (Plate 48) 
and the contaminant. Although somewhat irregular in shape, it 
encompassed a size range (2-25nm) that overlapped with that 
of ferritin. Some ferritin is thought however to be trapped 
in the basal lamina underlying the pedicels of the gland cells 
(Plate 48B). In a few instances some may have reached the 
lumen of the gland through the filtration slits between 
pedicels. This seemed a rare occurrence for in most animals
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PLATES 48-49 Anodonta cygnea : 
Ferritin Uptake in the Pericardial Gland
PLATE 48
Micrographs showing the pedicel network (pd)
0.5 hours (A) and 1 hour (B) after injection of 
ferritin into the blood system.
Ferritin is difficult to identify in the sections 
due to the presence of a particulate contaminant 
(Ptc) inadvertently introduced during fixation. 
Arrowed in red are possible ferritin molecules.
A X 64,500 ; Scale bar = 250nm 
B X 86,000 ; Scale bar = 250nm
PLATE 49
B,
Micrographs showing amoebocytes (Ac) in the - 
blood spaces of the pericardial gland 2 hours 
after injection of ferritin into the blood 
system.
Amoebocytes with flattened cell bodies and 
long thin pseudopodia (ps) accumulate ferritin 
(F) from the blood. Area marked by box shown 
in inset.
X 11,000 ; Scale bar = 2.0pm 
Inset X 75,000 ; Scale bar = 200nm
No ferritin uptake was found in a second type (or 
stage?) of amoebocyte characterized by short 
pseudopodia and rounded cell bodies.
X 10,000 : Scale bar = 2.0pm
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examined the lumen of the gland appears free of any particulate 
matter, contaminant or ferritin (c.f. Plate 48B).
Ferritin occurs in much larger concentrations in 
some of the amoebocytes in the blood. In these instances 
the ferritin can be differentiated from the contaminant and 
is concentrated in vacuoles within cells (Plate 49A).
Two types (or stages) of ameobocyte were observed 
with differences in morphology and ability to take up 
ferritin. Ferritin only occurs in amoebocytes with a 
flattened (2-3pm) elongated (10-20pm) cell body, long thin 
pseudopodia (15-20pm) , a heterogeneous collection of vacuoles 
and inclusions of varying electron density (Plate 49A).
A second type of amoebocyte also occurs (Plate 49B). 
More rounded (5-lOpm), with shorter (2-5pm) fatter pseudo­
podia, these cells do not appear to take up ferritin. The 
cells contain numerous similar rounded granular inclusions 
of even electron density surrounded by an elaborate reticular 
network.
During the course of the experiment (48 hours) 
ferritin did not accumulate in the pericardial gland cells 
as had been the case in Scrobicularia,
The results obtained for the kidney (only the 
2 hour and 48 hour samples were examined) are similar to 
those for the pericardial gland, with ferritin concentrated 
in vacuoles of the flattened amoebocytes. It was not obvious 
in the cells (Plate 50A & B) of the kidney (proximal or distal
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PLATE 50 Anodonta cygnea :
Ferritin Uptake in the Kidney
Micrographs showing the proximal limb of the 
kidney (PLK) 48 hours after injection of ferritin 
into the blood system.
A. Proximal limb epithelium. No obvious accumulations 
of ferritin occur in the cells.
X 5000 : Scale bar = 5.0pm
B. Detail of a similar area as shown in A. The 
particulate contaminant (ptc) seen in Plate 48 
occurs throughout the cells.
X 55,000 : Scale bar = 0.5pm
Abbreviations
bs, blood space.
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COMPARATIVE OBSERVATIONS ON PERICARDIAL GLAND AND 
ULTRASTRUCTURE OF THE HEART
White (19 42) in her review of the pericardial gland 
in bivalves has described the occurrence and histology of the 
gland in over 80 species, comprising 71 genera in 47 families. 
The glandular tissue, irrespective of whether it occurs in 
the wall of the auricle or pericardium, is formed from a 
characteristic cell type.
The cells are typically triangular to cylindrical 
in shape, often with coloured inclusions and joined together 
basally, with a gap between the lateral surfaces of the cell 
bodies.
Ultrastructural examination of the pericardial 
glands of Scrobicularia and Anodonta (Chapters III and IV) 
has shown that the basal connections between cells are formed 
from interdigitating cytoplasmic processes similar to pedicels 
of podocytes. As a result of this finding and its implication 
that the pericardial gland is involved in ultrafiltration of 
the blood, the glands from a further eight species of bivalve 
have been examined at the ultrastructural level.
The species examined (Table 5) may be divided into 
two groups on the basis of gland position. Those with 
auricular pericardial glands (White, 1942) include Nucula 
nucleus (Protobranchia), Mytilus edulis and Pecten maximus 
(Lamellibranchia, Anisomyaria), while species in which the
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SPECIES POSITION
OF
PERICARDIAL
GLAND
HABITAT AND 
MODE OF LIFE
FEEDING
MODE
Nucula nucleus Auricle Marine - 
fairly active 
burrower
Deposit / 
Suspension
Mvtilus edulis II Marine -
byssally attached 
to substratum
Suspension
Pecten maximus II Marine - 
active free 
swimmer
Suspension
Corbicula manilensis Pericardium Freshwater - 
burrower
Suspension
Polymesoda caroliniana II Estuarine - 
burrower
Suspension
Polymesoda maritima II Marine - 
burrower
Suspension
Dreissena polvmomha II Freshwater - 
byssally attached 
to substratum
Suspension
Mva arenaria II Estuarine - 
relatively 
inactive burrower
Suspension
Table 5. Position of the pericardial gland in relation 
to the habitat, mode of life and feeding modes 
of the species studied.
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gland is considered to be mainly in the wall of the peri­
cardium include Corbicula manilensis, Polymesoda caroliniana, 
p. maritima, Dreissena polymorpha (Lamellibranchia, Heterodonta) 
and My a arenaria (Lamellibranchia, Adapedonta). Apart from 
variation in the position of the gland the species examined 
also represent a wide range of habitats and modes of life 
(Table 5) with the related species Corbicula, Polymesoda 
caroliniana and P. maritima occurring in freshwater, estuarine 
and marine environments respectively.
In this Chapter the overall ultrastructure of the 
gland cells is described. This is followed in the next 
Chapter (Chapter VI) with a comparative study of the fine 
structure of the bivalve filtration site encompassing all 
the species examined including Scrobicularia and Anodonta.
'\,Nucula nucleus
Whilst the exact status of nuculanid protobranchs 
is in dispute (Yonge, 1939; Stasek, 1961, 1963) they 
nevertheless constitute a very archaic independent line of 
bivalve evolution worthy of comparison with lamellibranchs.
White (19 42) described glandular tissue extending 
over the auricles and ventricle of Nucula. Ventricular 
glandular tissue was not described in any other bivalve in 
White’s survey. Glandular tissue was also thought to extend 
into the pericardium although this was not clear from 
sections.
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PLATE 51 Nucula nucleus :
_________ Heart______ _
A. SEM showing the heart in situ in the dissected 
pericardial cavity. The ventricle (V) is 
laterally bilobbed with a distinct constriction 
between right and left auricles (Au).
X 43 : Scale bar = 0.5min
B. Detail of ventricular epicardium showing the 
presence of raised rounded cell bodies (cb) 
in amongst more flattened areas,
X 1672 ; Scale bar = lOjam
C. Detail of the auricular epicardium.
X 1672 : Scale bar = lO^ im
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of these regions (Plate 53A, mt). The squamous cells are 
typically joined together by desmosomes 200-300nm in length.
The rounded epicardial cells (Plate 52, rc) are 
similar to the squamous cells but have an enlarged cell body 
(up to lOjLim) . In places the cells are closely grouped 
together overlapping with each other. In contrast to the 
squamous cells the rounded cells contain electron-dense granules 
(Plate 54A, si) that resemble secondary lysosomes described 
by Moore, Bubel and Lowe (19 80) in the pericardial gland of 
Mytilus. Extensive Golgi bodies (Gb) with associated vesicles 
also occur within the cell bodies of the rounded cells along 
with occasional vacuoles up to 5pim in diameter (Plate 52) . 
Pinocytotic activity at the apical surfaces of these cells 
appears minimal.
The third and somewhat atypical epicardial cells 
possess distinct arrays of microfilaments. Despite somewhat 
oblique sections (Plate 54B) it is possible to discern 
parallel arrays of thick and thin filaments which resemble 
the myosin and actin filaments of muscle cells. Cross-links 
also occur between some of the filaments of a type similar 
to those described in the sliding filament mechanism of 
muscle contraction (Bloom & Fawcett, 1975). It seems 
probable therefore, based on the similarities with muscle 
cells, that the epithelial cells have a contractile element. 
Similar cells have been described as musculo-epithelial cells 
in coelenterates (Robson, 1957). As to the function of 
these cells in the ventricular epicardium it is only
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PLATE 52
P L A T E  53
A.
P L A T E S  5 2 - 5 4  Nucula nucleus ;
 V e n t r i c u l a r  E p i c a r d i u m
'R o u n d e d ' v e n t r i c u l a r  e p i c a r d i a l  c e l l  ( r c ) .
N o t e  t h a t  t h e  e p i c a r d i u m  is c o n t i n u o u s  w i t h o u t  
a n y  p e d i c e l s .
X 8 8 7 5  ; S c a l e  b a r  = 2 .0)im
D e s m o s o m e  (des) j u c t i o n  b e t w e e n  e p i c a r d i a l  c e l l s  
In  a r e a s  w h e r e  t h e  e p i c a r d i u m  is  t h i n  n u m e r o u s  
m i c r o t u b u l e s  (mt) o c c u r  i n  t h e  c y t o p l a s m .
X  1 0 , 7 5 0  : S c a l e  b a r  =  2.0>im
S q u a m o u s  e p i c a r d i a l  c e l l  (sqep) a d j o i n i n g  t h e  
' r o u n d e d '  c e l l  s h o w n  i n  P l a t e  52.
X  4 9 , 0 0 0  ; S c a l e  b a r  = 0 . 5)im
B.
P L A T E  5 4
A. 'R o u n d e d '  e p i c a r d i a l  c e l l  s h o w i n g  G o l g i  b o d i e s  
( G b ) , v e s i c l e s  a n d  s e c o n d a r y  l y s o s o m e - l i k e  
b o d i e s  (si) .
X  2 1 , 0 0 0  ; S c a l e  b a r  = l.Ojim
B. M u s c u l o - e p i t h e l i a l  c e l l  (Mec) i d e n t i f i e d  as 
an  e x a m p l e  o f  a t h i r d  e p i c a r d i a l  c e l l  t y p e .
N o t e  t h e  p r e s e n c e  o f  r e g u l a r  a r r a y s  o f  t h i c k  
a n d  t h i n  m i c r o f i l a m e n t s  (mfi) a l o n g  w i t h  l o c a l  
c o n c e n t r a t i o n s  o f  m i t o c h o n d r i a  ( m i t ) ,
X  1 9 , 5 0 0  : S c a l e  b a r  = l.Ojam
A b b r e v i a t i o n s
b l ,  b a s a l  l a m i n a ;  b s , b l o o d  s p a c e ;  m f ,  m u s c l e  f i b r e ;  
n, n u c l e u s ;  P C ,  p e r i c a r d i a l  c a v i t y .
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possible to speculate. They may, for instance, provide local 
pockets of contraction which aid the expulsion of blood 
during ventricular systole.
The cells forming the auricular epicardium (Plate 51C 
& 55) are typically larger (up to 20pm) than those of the 
ventricle. The cells vary in shape depending on their location 
Cells found along straight unfolded regions of the epicardium 
tend to be rounded or ovoid in shape (Plate 55) whereas those 
occurring in folds often appear triangular (Plate 56). It 
is interesting to note that sections of the infolded epi­
cardium give the appearance of lobules similar in many respects 
to those seen in the 'pericardial' pericardial gland of 
Scrobicularia (cf. Chapter III, Plate 26B).
The apical surfaces of the cells are covered with 
short (0.3-1pm) irregularly spaced microvilli (Plate 57A).
Many cells also possess a single flagellum. This feature was 
confirmed, albeit rarely in sections (Plate 57B). Amongst the 
microvilli and flagella small openings are visible on the 
surface of the cells. In sections (Plate 57B) they are 
identified as coated pits (cp).
Pedicels (pd) occur between the bases of the cells 
(Plate 58). They appear to be far less extensive and some­
what more irregular in shape and size than those of 
Scrohicularia and Anodonta (see Chapter VI for details).
Typical epithelial junctions consisting of an apical desmosome 
(Plate 56B) and closely apposed cell membranes also occur
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PLATES 55-56 Nucula nucleus :
Auricle/Auricular Pericardial Gland
PLATE 55
A.
B.
Auricular epicardium (Auep).
X 2625 : Scale bar = 5.0pm
Detail of A showing an ovoid epicardial cell 
linked to an adjoining cell by a limited 
network of pedicels (pd).
X 9750 : Scale bar = 2.C^m
PLATE 56
A. Folded area of epicardium that resembles in 
shape the pericardial gland lobule seen in 
the * pericardial' pericardial gland of 
Scrobicularia plana (Plate 26B).
X 2650 : Scale bar = 10pm
B. Detail of A showing a triangular shaped cell 
with numerous electron dense secondary 
lysosome-like inclusions (si). Note that 
desmosomes (des) occur between some cells 
which also possess isolated pedicel networks
(pd) .
X 9750 ; Scale bar = 2.0pm
Abbreviations
bs, blood space; PC, pericardial cavity.
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PLATES 57-58 Nucula nucleus 
Auricular Epicardium
PLATE 57
A.
B.
SEM showing irregularly spaced microvilli (mv) 
covering the apical surfaces of the epicardial 
cells. The surface membrane is pitted with 
occasional holes. Similar features are 
identifiable in sections (B) as coated pits 
(cp). Most cells possess an apical flagellum 
(f).
X 4355 ; Scale bar = 5.0pm
Section through the apical membrane of an 
epicardial cell showing a tranverse section of 
an apical flagellum (f). Note also a coated 
pit (cp) at the surface of the cell.
X 41,000 : Scale bar = 0.5pm
PLATE 58
A.
B.
Typical pedicels (pd) found between epicardial 
cells.
X 29,250 ; Scale bar = 0.5pm
Epicardial cell body showing Golgi bodies (Gb), 
secondary lysosome-like bodies (si), rough 
endoplasmic reticulum (rer) and numerous 
mitochondria (mit).
X 14,625 : Scale bar = 1.0pm
Abbreviations
bl, basal lamina; bs, blood space; PC, pericardial 
cavity.
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between some cells. The cellular inclusions of the auricular 
cells appear to be very similar to those of the pericardial 
gland of Scrobicularia. They contain numerous electron- 
dense membrane-bound inclusions (Plate 58), 0.5-3pm in 
diameter, of the secondary lysosome type (Moore et al., 1980). 
Golgi bodies and vesicles are also abundant in the cells along 
with rough endoplasmic reticulum and numerous small (50-250nm) 
vacuoles similar to coated vesicles.
2 Mytilus edulis
The pericardial gland of Mytilus has been described 
by Grobben (1888) and later included in White's review (1942). 
The gland occurs in the wall of the auricle. Grobben (1888) 
described the auricles as bearing numerous glandular lobes 
formed from folds in the auricular wall. The epicardium is 
composed of broad flat cells on the smooth parts of the wall 
and taller cylindrical cells on the glandular parts. In both 
regions the cells are often joined basally with a gap between 
lateral membranes. The taller cells are dome-shaped apically 
with a single long flagellum. The cells contain concretions 
of varying size and shape, brown-green or grey-green to 
blackish in colour.
More recently ultrastructural studies of the peri­
cardial gland have been undertaken by Pirie and George (19 79) 
and Moore et al., (1980). The basal region of the cells 
were found to be modified into pedicels. Pirie and George 
found that apart from variations in cell size and auricle
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and pericardial gland are composed of a single cell type, the 
podocyte.
The concretions (granules) found in the gland cells 
were investigated at the ultrastructural and cytochemical level 
by Moore, et ai. (1980). They are strongly positive to tests 
for lysosomal hydrolases and lipofuscin. Lipofuscin is 
frequently an end product of lysosomal degradation and 
since the granules accumulate injected horse radish peroxides 
from the blood, they were taken to be secondary lysosomes.
It was concluded that in addition to their role in filtration 
the gland cells take up material from the blood by endo- 
cytosis and degrade it by means of the lysosomal-vacuolar 
system. The products of excretion are then shed by apocrine 
secretion and possibly exocytotic activity (merocrine secretion) 
into the pericardial cavity.
The findings of this study largely confirm those of 
previous workers. Examination of the auricular surface using 
SEM techniques reveals that the lobed surface is further 
infolded into smaller sulci (su) and gyri (gy) (Plate 59A).
The existence of broad flattened cells on the smooth parts 
of the auricle, as described by Grobben (1888) , could not 
be confirmed. In fact, it was difficult to determine which 
regions might be classified as 'smooth' since from surface 
detail alone all the cells look alike. A distinction between 
auricle and pericardial gland could not be established (later 
TEM results confirm this). The suggestion of Grobben (1888) 
that the glands are an epithelial modification of the auricle
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PLATE 59 Mytilus edulis : 
Heart
B,
SEM showing part of the left auricle (Au) and 
ventricle (V) prepared in situ by dissection of 
the pericardial cavity. The auricle is 
developed into numerous lobes which constitute 
the auricular pericardial glands. The larger 
lobes can in turn be sub-divided into smaller 
gyri (gy) and sulci (su).
X 186 : Scale bar = 100pm
Detail of A showing the surface of the pericardial 
gland cells forming the auricular epicardium.
Each cell possesses a single apical flagellum 
(f) surrounded by microvilli.
X 2824 : Scale bar = 5.0pm
Detail of A showing the ventricular epicardium.
X 2824 : Scale bar = 5.0pm
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is confirmed here. It is therefore incorrect to describe the 
glands as extending over the surface of the auricles (White, 
1942) or surrounding the auricles (Pirie and George, 19 79) 
when the gland is the elaborated auricular epicardium. The 
lumen of the gland referred to by Moore et al. (1980) must 
as a result of the epicardial infolding be considered to be 
the pericardial cavity. Thus the statement by White (19 42) 
that "the apertures for discharge of secretion have not been 
observed in this so-called auricular pericardial gland", is 
misleading since the gland cells border the pericardial 
cavity.
Seen at higher magnifications (Plate 59B) numerous 
long (12pm) flagella project from the auricular surface.
Each cell possesses a centrally placed flagellum as described 
by Grobben (1888). A piece of freshly dissected auricle 
placed in sea-water containing colloidal graphite demonstrated 
the beating motion of the flagella. No obvious directional 
currents could be seen in this isolated preparation.
As well as flagella, patches of short (0.5-lpm) 
microvilli occur on the apical surfaces of the cells along 
with spherical bodies (sb) ranging in size up to 3.5pm.
Some of the bodies appear to be outpushings of the apical 
membrane and therefore it seems likely that they represent 
stages of aprocrine secretion described by Moore et ai. (1980).
TEM reveals that the auricular epicardium is composed 
of gland cells with features of podocytes. In some regions
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the cells are cuboid (lOpm) to triangular in shape (Plate 60A) 
corresponding to those described in the auricle by Pirie and 
George (1979) who did not report the presence of a brush border 
of short (< 1pm) microvilli.
In some instances cells occur with closely apposed 
lateral membranes and short (200nm) desmosomes (Plate 60A, 
des) linking apical margins. This situation contrasts with 
the slightly taller (12pm), narrower (4pm) cylindrical cells 
found elsewhere in the auricle (Plate 60B). These cells have 
fewer microvilli and tend to attach to neighbouring cells 
by desmosomes between lateral projections of the cell 
membranes (Plate 60B, Ip). Often as many as four desmosomes 
occur between two cells arranged one above the other. The 
structure of the desmosome (Plate 61A & B) appears to be 
fairly typical (Farquhar & Palade, 1963) corresponding to 
similar structures described earlier (Chapters III & IV).
A second type of junction, resembling a tight junction or 
zonula occuldens (Farquhar & Palade, 1963) also occurs 
between some cells (Plate 61A & C, tj) in a position similar 
to that of the desmosomes. Typically the junction extends 
approximately 0.75pm. The intercellular gap is completely 
obliterated by the fusion of the outer leaflets of the 
adjoining cell membranes with the formation of a character­
istic intermediate or fusion line (Plate 61C, il) between 
cells.
Irrespective of shape or size the auricular epi­
cardial cells all bear basal cytoplasmic processes that form
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PLATES 60-61 Mytilus edulis ;
Auricle/Auricular Pericardial Gland
PLATE 60
B
Auricular epicardium showing cells with basal 
networks of pedicels (pd). The epicardial 
cells constitute the auricular pericardial 
gland. Note that desmosomes (des) also occur 
between cells linked by pedicels (pd).
X 9750 : Scale bar = 2.0pm
As A showing epicardial cells with numerous 
inclusions of the secondary lysosome type (si) 
linked by pedicels underlying junction complexes 
formed between lateral projections (Ip) of 
contiguous cells.
X 4875 : Scale bar = 5.0pm
PLATE 61
A. Epicardial cell junctions. Typically desmosomes 
(des) occur between lateral projections (Ip) of 
the cells, although in some instances tight 
junctions (tj) also occur.
X 10,250 ; Scale bar = 2.0pm
B. Detail of A showing a desmosome (des) linking 
cells.
X 82,000 : Scale bar = 250nm
C. Detail of A showing a tight junction (tj) with 
a characteristic fusion or intermediate line 
(il) in the centre of the junction.
X 61,500 : Scale bar = 250nm
Abbreviations
bl, basal lamina; bs, blood space; ci, cilium; mit, 
mitochondrion; mv, microvilli; PC, pericardial cavity; 
si, secondary lysosome.
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a highly ordered network of pedicels (Plate 60A, pd) over- 
lying the basal lamina (bl). A detailed description of the 
pedicels is given in the next Chapter.
The internal organisation of the gland cells is 
very similar to that described by Moore et al. (1980) with 
secondary lysosomes (si), Golgi bodies (Gb)> Golgi vesicles 
(Gv), smooth endoplasmic reticulum (ser) and rough endoplasmic 
reticulum (rer) present in most cells (Plate 62). Evidence 
of endocytotic activity in the form of coated pits (cp) and 
coated vesicles (cv) was also seen along with o< rosettes 
and possible particles of glycogen in some of the cells 
(Plate 62A, gly).
The surface of the ventricle (Plate 59C) by contrast, 
is devoid of cilia and microvilli. Sections of the ventricle 
were not examined. Pirie and George (19 79) however, found 
no evidence of podocytes in the ventricle.
3. Pecten maximus
The pericardial glands of Pecten  were described by 
Dakin (1909) as excretory organs present in the auricles.
The auricle as described consists of a single layer of epi­
thelial cells with underlying connective tissue, muscle 
fibres and large oval cells. The oval cells were considered 
to represent the pericardial glands. They had previously 
been investigated by Dogiel (cited by White, 19 42) who found 
that although they stained red with amino-picro-camine they
220
PLATE 62 Mytilus edulis : 
Auricle/Auricular Pericardial Gland
Micrographs showing evidence of the active 
nature of the epicardial gland cells which 
possess Golgi bodies and vesicles (Gb & Gv), 
smooth and rough endoplasmic reticulum (ser 
& rer), secondary lysosomes (si), coated pits 
and vesicles (cp & cv) and glycogen deposits 
( g l y ) .
A. X 43,000 : Scale bar = 0.5pm
B. X 55,000 : Scale bar = 0.5^m
Abbreviations
PC, pericardial cavity.
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also contained a yellow mass that did not stain. The oval 
cells were also described as occurring in the ventricle, 
visceral mass, mantle and around the intestine.
It is apparent from the description of the pericardial 
gland given above that the gland cells described are not the 
same type as those considered in this study to constitute 
the pericardial gland. From White's (1942) review and the 
present findings the pericardial gland cells are believed to 
be a modified epithelium and not isolated phagocytic cells 
in the connective tissue as described for Pecten. The 
confusion is resolved at the ultrastructural level.
Superficially the auricle of Pecten has the same 
surface texture as those of Nucula and Mytilus. It is 
relatively 'thick-walled' when contracted and can easily be 
dissected out. This type of glandular auricle contrasts 
markedly with the 'non-glandular* thin-walled auricles of 
species such as scrobi cularia which are extremely flimsy and 
tear easily.
As in Mytilus the auricle of Pecten bears glandular 
lobes (Plate 63A). They have a flatter surface than the 
central regions of the auricle which appear to be raised up 
in circular 'mounds' surrounded by sulci (Plate 63B). The 
surfaces of these regions are devoid of flagella but are 
covered with spherical outpushings (2.5-4pm) and short micro­
villi-like processes ( lum) .
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PLATE 63 Pecten maximus ; 
Heart
A. SEM of the heart showing the ventricle (V) 
and glandular lobed auricle (Au).
X 33.5 : Scale bar = 0.5mm
B. Detail of A showing the surface of the 
auricular epicardium. Note the rounded areas 
raised above the surface surrounded by sulci 
(su) .
X 826 : Scale bar = 20pm
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Sections of the auricle show an arrangement similar 
to that described by Dakin (1909). The epicardium (Plate 
64A,ftaep) is composed of a single layer of epithelial cells.
They appear to be a modified form of podocyte. The cells 
are connected apically, often in groups of two or more, by 
desmosomes (Plate 64B, des) so as to resemble a columnar 
epithelium. The dimensions of the groups of cells are 
similar to the 'mounds' seen in scanning migrographs. The 
basal and lateral margins of the cells give rise to pedicels 
(pd) . In many areas the pedicels form loops beneath the 
epithelium (Plate 64A) whereas between groups of cells they 
are exposed at the epicardial surface (Plate 64B). The 
arrangement of the pedicels is difficult to interpret at 
this stage. It is possible that the looped arrangements form 
part of an intricate system of "tubules" that open out into 
the pericardial cavity between the groups of epicardial cells.
The oval cells previously described as pericardial 
gland occur beneath the epicardium in the connective tissue 
(Plate 64A, oc) . The cells (20pm in diameter) are characterized 
by a large central vacuole that almost fills the cells. The 
vacuole often contains a fine matrix of granular material 
(Plate 64C). A second characteristic of the cells is the 
development of the outer membrane into pedicel-like processes 
that resemble the pedicles of the podocytes found in the 
epicardium. As with the epicardial podocytes a basal lamina 
(6-20nm thick) delimits the oval cell pedicels from the blood 
(Plate 64C, bl) . A tubular network leads from the cellular
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PLATE 64 Pecten maximus :
Auricle/Auricular Pericardial Gland
A. Auricular epicardiuin (Auep) forming the 
auricular pericardial gland. The epicardial 
cells possess complicated arrays of pedicels 
(pd) which continue beneath the cell bodies 
deep into the underlying blood spaces (bs).
Oval cells (oc) occur in the blood space 
beneath the epicardium.
X 5125 ; Scale bar = 5.0jam
B. Detail of epicardium. Note that cells often 
appear in groups joined by desmosomes. In 
such instances pedicels (pd) provide a link 
between groups of cells.
X 7750 ; Scale bar = 510)im
C. Detail of oval cell. The cell body, through 
which numerous tubules (oct) ramify, surrounds 
a large central vacuole (vac). The periphery 
of the cell is developed into a pedicel network 
(pd) which is separated from the blood space 
(bs) by a continuous basal lamina (bl) .
X 40,500 : Scale bar = 0.5;jm
Abbreviations
CO, collagen; PC, pericardial cavity; mv, micro­
villi.
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PLATE 65 Pecten maximus 
Oval Cells
A. SEM of the cut edge of the auricular epi­
cardium (Auep) showing large numbers of oval 
cells (oc) beneath the epicardium.
X 162 8 : Scale bar = 10pm
B. Detail of A showing the basal lamina (bl) 
surrounding an oval cell,
X 34,800 : Scale bar = 0.5pm
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side of the pedicels into the cytoplasm surrounding the large 
vacuole. It is not clear whether the tubules (Plate 64C oct) 
open directly into the central vacuole.
The oval cells occur in appreciable numbers under the 
epicardium (Plate 65A, oc). The surface of the cells, i.e. 
the basal lamina, consists of an open meshwork of fibres 
embedded in an amorphous matrix (Plate 65B, bl). Cells with 
features similar to oval cells have been described as brown 
cells in the oyster Crassos trea gigas (Ruddell & Wellings, 1971) 
and pore cells in gastropods (Plummer, 19 66; Boer & Sminia,
1976; Sminia & Vlugt van Daalen, 1977).
k. Corbi cula manilensi s , Polymesoda caroliniana a n d  P. maritima
The arrangement of the pericardial glands in these 
species appears from dissection to be very similar to that 
seen in scrobicularia. The glands are triangular pigmented 
areas in the wall of the pericardium anterior to the heart.
The auricles are thin-walled with no obvious thickened 
glandular areas like those of Nucula, Mytilus or Pecten.
Corbicula and P. caroliniana have auricles and peri­
cardial glands similar at the ultrastructural level (cf Plates 
66 and 67). The auricular epicardium is composed of an 
unmodified squamous epithelium. The pericardial gland 
lobules consist of glandular podocytes similar in many 
respects to those of Anodonta with large (5-lOjjm) electron- 
dense inclusions (Plate 66B & 67B). A similar type of cell
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P L A T E  66 Corbicula manilensis :
A u r i c u l a r  E p i c a r d i u m  a n d  ' P e r i c a r d i a l *  P e r i c a r d i a l  G l a n d
A. Auricular epicardium (Auep). Note the continuous 
epicardium lacking pedicels.
X 5125 : Scale bar = 5.0;am
B. Pericardial gland lobule showing a pericardial 
gland cell (PGc) with extensive pedicel networks 
(pd) .
X 9125 : Scale bar = 2.0)im
Abbreviations
bl, basal lamina; bs, blood space; co, collagen; 
lu, lumen ; mf, muscle fibre; PC, pericardial 
cavity.
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PLATE 67 Polymesoda caroliniana :
Auricular Epicardium and 'Pericardial* Pericardial Gland
A. Auricular epicardium (Auep). Note the 
continuous epicardium lacking pedicels.
X 4875 : Scale bar = 5.0pm
B. Pericardial gland cell (PGc). Note the 
extensive basal pedicel networks (pd).
X 10,250 : Scale bar = 2.0pm
Abbreviations
bl, basal lamina; bs, blood space; co, collagen; 
lu, lumen ; mf, muscle fibre; PC, pericardial 
cavity.
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PLATE 68 Polymesoda maritima :
Auricular Epicardium and 'Pericardial* Pericardial Gland
A. Auricular epicardium (Auep). Note that 
isolated areas of pedicels (pd) occur between 
epicardial cells.
X 9750 : Scale bar = 2.0pm
B. Pericardial gland lobule composed of a group 
of gland cells (PGc) with extensive basal 
pedicels (pd).
X 4875 : Scale bar = 5.0pm
Abbreviations
bl, basal lamina; bs, blood space; co, collagen; 
lu, lumen; mf, muscle fibre; PC, pericardial 
cavity
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occurs in p. maritima (Plate 6 8B). The auricular epicardium 
of P. maritima differs from the other two species in the 
possession of podocytes (Plate 68A). The pericardial glands 
do not however appear extensive in this location since the 
auricle lacks the extensive glandular lobes seen in other 
species where the gland is well developed. Pedicels occur 
between cell bodies and more unusually project from the 
lateral edges of cells in the pericardial cavity. The 
pedicels in this position do not overlie a basal lamina.
3- ^ reissena polymorpha
Grobben (1888) found that the pericardial glands are 
mainly developed in the pericardial wall anterior to the heart. 
He also described some glandular tissue in the auricle in 
the form of two rudimentary lobes at the anterior and posterior 
ends of the auricle.
The auricular lobes described by Grobben are not 
obvious in SEM preparations (Plate 69A, Au). The auricles 
do however have an overall glandular appearance.
The epicardial cells have a relatively smooth 
surface with few microvilli-like processes. The cell 
boundaries (Plate 69B) are closely delimited by a uniform 
double row of microvilli (one row on each side of the 
boundary). A similar arrangement occurs in the squamous 
auricular epicardium of scrobicularia (Chapter III). However 
in contrast to the flattened pavement-like epicardium of 
Scrobicularia the epicardium of Dreissena appears to be
238
PLATE 69 Dreissena polymorpha : 
Heart
A. SEM of the heart dissected in situ showing 
the ventricle (V) and left auricle (Au).
The torn surface of the left 'pericardial' 
pericardial gland (PG) is visible close to 
the auricle.
X 100 ; Scale bar = 200jam
B. Detail of A showing the surface of the 
auricular epicardium. The boundaries between 
cells are clearly delimited by microvilli 
(mv) .
X 3800 : Scale bar = 5.0pm
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'rucked up' into mounds. It may be that some distortion has 
occurred in processing although this seems unlikely.
The pericardial gland in the wall of the pericardium 
appears to be similar to that of Scrobicularia. The close 
association between auricle and pericardial gland can be seen 
in Plate 70. The torn surface of the gland shows a network 
of plate-like lamellae. These are formed from podocytes 
(Plate 71) with rounded cell bodies (5-8pm) and radiating 
basal cytoplasmic processes that form pedicels. The podo­
cytes of the gland resemble those of other species with 
'pericardial' pericardial glands.
The structure of the auricle was not clarified 
from sections. Both auricle and pericardial gland look very 
similar in section (Plate 72). However the auricular sections 
do not correspond with the SEM findings since pedicels were 
not seen on the surface of the auricle. The confusion may 
have resulted from poor dissection of the auricle from the 
adjacent pericardial gland.
6. Mya arenaria
My a was only briefly examined at the beginning of 
the study. Few micrographs were obtained and therefore only 
a brief description is possible.
The pericardial gland, situated lateral to the 
pericardium is similar to that of other species, the epithelium 
being comprised of podocytes. Neither auricle nor ventricle
PLATE 70
241
PLATES 70-71 Dreissena polymorpha 
'Pericardial' Pericardial Gland
A.
B
SEM showing the position of the auricle (Au) 
in relation to the pericardial gland (PG).
X 100 : Scale bar = 20qpm
Detail of A showing the torn surface of the 
pericardial gland.
X 400 ; Scale bar = 50pm
PLATE 71
B,
Detail of part of the pericardial gland 
shown in Plate 70B. Individual gland cells 
(PGc) are visible as rounded microvilli (mv) 
covered cell bodies with radiating basal 
processes (bp).
X 4090 ; Scale bar = 5.0pm
Detail of A showing a single gland cell.
The basal processes (bp) are not resolvable 
in this preparation as individual pedicels 
(see Plate 72 for greater resolution).
X 10,240 : Scale bar = 2.0;am
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PLATE 72 Dreissena polymorpha :
Auricular Epicardium and 'Pericardial' Pericardial Gland
A. Auricular epicardium (Auep). Note that 
isolated areas of pedicels (pd) occur between 
epicardial cells.
X 9750 : Scale bar = 2.0>im
B. Pericardial gland lobule showing individual 
gland cells (PGc) linked together by an 
extensive network of pedicels (pd).
X 9750 : Scale bar = 2. Q)im
Abbrevi ations
bl, basal lamina; bs, blood space; lu, lumen;
PC, pericardial cavity.
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COMPARATIVE OBSERVATIONS ON THE ULTRASTRUCTURE 
OF THE BIVALVE FILTRATION SITE
In each of the species studied the pedicel network 
of the pericardial gland podocytes appears generally very 
similar (Plates 73-80). There is no significant difference 
between auricular and 'pericardial' pericardial gland 
podocytes at the level of the pedicels.
The pedicel-bordered oval cells found in the auricular 
lumen of Pecten,  although of connective tissue origin, also 
show features similar to podocytes and hence have been 
included in this Chapter for comparative purposes (Plate 80B, 
Table 6).
Typically pedicels appear elliptical in transverse 
section with a width varying between 100-200nm and a height 
between 30-60nm. Greater variation occurs in Nucula  where 
the pedicels, or perhaps larger branches of the pedicel net­
work, often attain widths greater than 200nm and heights up 
to 800nm (Table 6).
It must be stressed that many of the measurements 
recorded are only approximate, based on a limited number of 
measurements from typical regions. In the case of Anodonta 
and Mytilus  however, over thirty measurements were made on 
each enabling the mean, standard error and standard deviation 
of the dimensions to be calculated. One of the main sources 
of variance in dimensions arises from differences in the plane
249
PLATES 73-7 8
Pericardial Gland ; Pedicel Network
PLATE 73 Anodonta cugnea ; 'Pericardial' Pericardial Gland
A. Transverse section (T.S.) of the pedicel network 
(pd) . Note the slit-diaphragms (sd) between 
pedicels.
X 41,000 : Scale bar = 0.5;un
B. Longitudinal section (L.S.) of the pedicel net­
work (pd). The ordered array of the slit diaphragm 
(sd) is clearly visible between pedicels.
X 111,000 ; Scale bar = 200nm
PLATE 74 Mytilus edulis ; Auricular Pericardial Gland
A. T.S. X 78,000 : Scale bar = 250nm
B. L.S. X 94,000 : Scale bar = 250nm
PLATE 75 Scrobicularia plana ; 'Pericardial' Pericardial Gland
A, T.S. X 135,000 ; Scale bar = 200nm
B, T.S. X 135,000 ; Scale bar = 200nm
PLATE 76 Dreissena polymorpha ; 'Pericardial' Pericardial
Gland
A. T.S. X 91,000 : Scale bar = 250nm
B. L.S. X 90,000 ; Scale bar = 250nm
PLATE 77 Polymesoda caroliniana ; 'Pericardial' Pericardial
Gland
A. T.S. X 135,000 : Scale bar = 200nm
B. L.S. X 135,000 : Scale bar = 200nm
PLATE 78 Polymesoda maritima ; 'Pericardial' Pericardial
Gland
A. T.S. X 56,250 : Scale bar = 0.5jam
B. L.S. X 135,000 ; Scale bar = 200nm
Abbreviations
bl, basal lamina; bs, blood space; co, collagen; 
lu, lumen; PC, pericardial cavity.
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PLATE 79
Pericardial Gland : Pedicel Network
A. Nucula nucleus  : T.S. auricular pericardial 
gland showing pedicels (pd) linked by slit- 
diaphragms (sd).
X 45,000 : Scale bar = O.S^m
B. Mya arenaria  ; T.S. 'pericardial' pericardial 
gland. Details as in A.
X 56,250 : Scale bar = Ô. 5jLim
Abbreviations
bl, basal lamina; bs, blood space; lu, lumen; 
PC, pericardial cavity.
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P L A T E  80 Pecten maximus  :
A Comparison between Pedicels of the Auricular Pericardial 
Gland and Similar Structures exhibited by Oval Cells found 
___________ in the Blood Spaces of the Auricle___________
A. Oblique section of the auricular pericardial 
gland pedicel network (pd). The pedicels are 
linked together by a highly ordered slit- 
diaphragm (sd).
X 45,000 : Scale bar = 0.5>im
B. Oblique section of an oval cell showing a 
similar pedicel (pd)/slit diaphragm (sd) 
arrangement as seen between pericardial gland 
cells.
X 9000 ; Scale bar = 0.5;im
Abbreviations
bl, basal lamina; bs, blood space; PC, pericardial 
cavity.
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Table 6. Bivalve pericardial gland pedicel, slit-diaphragm 
and basal lamina dimensions.
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GAP BETWEEN 
UPPEE/LOWER 
SLIT-DIAPHEAGM 
WHERE PRESENT 
(run)
LOCATION
OF
PODOCYTES
WIDTH
OF
PEDICELS
HEIGHT
OF
PEDICELS
WIDTH OF 
FILTRATION-SLIT
WIDTH
OF
BASAL LAMINA 
(run)
DIAMETER
OF
CROSS BRIDGES 
(run)
SIZE AND SHAPE OF PORE 
(NOT DRAWN TO SCALE)SPECIES
(run) (run) (run) (run) (run)
Scrobicularia plana Pericardium 1 0 0 -2 0 0
40-1Anodonta cygnea 150 20
Dreissena polymorpha 1 0 0 -1 4 0 20 20-25 -12-
N/A N/AGorbicula manilensis 100 20
20-25Polymesoda caroliniana 100 20-25
4 o - f 2015-201 0 0 -2 0 0
N/A N/A N/A1 5 -3 0JyjL arenaria 100-200
2.5100-150Mytilus edulis Auricle
25-50100-120Auricle
12
N/A20100Oval cell
N/AN/AN/A20100-1■150Nucula nucleus Auricle
• Estimated dimensions based on a limited number of measurements. 
** Dimensions based on over 50 measurements.
N/A Result not recorded
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of section. This is particularly evident in horizontal 
sections where pedicels dip out of the plane of section and 
reappear a little distance away (Plate 73). In other 
sections pedicels are raised above the basal lamina producing 
in sections circular arrangements which often occur above 
another row of pedicels cut in a different plane (Plate 75A).
Internally the most conspicuous feature of the pedicels 
are the electron-dense regions of the cytoplasm adjoining the 
filtration slit between pedicels. Microfibrils and micro­
tubules also occur in the centre of some pedicels running 
parallel to the longitudinal axis. The function of these 
elements has not been established but it seems reasonable to 
suggest that one or the other or perhaps both provide some 
form of structural strengthening or contractile movement of 
the pedicels (Andrews, 1979).
A fibrillar coat or glycocalyx often occurs on the 
luminal surface of the pedicels. Isolated longer fibrils 
(50nm) often protrude from the cell coat.
The filtration-slits between pedicels are approximately 
the same width (12-25nm) in all the species examined. In 
every case a bridging diaphragm, the slit-diaphragm of 
Rodewald and Karnovsky (1974) links adjoining pedicels. It 
is not clear from the results however, whether the structure 
is a single layer or septum as described by Rodewald and 
Karnovsky (19 74) in the rat and mouse or double layered as 
in the auricle of the prosobranch viviparus{Boer & Sminia,
1976; Andrews, 1979). In a number of instances two diaphragms
26:$
(2-3nm in diameter) bridge the filtration slit one above the 
other separated by a gap of 5-lOnm with a central vertical 
element linking the upper and lower diaphragms (Plate 75A).
In other instances only single diaphragms can be seen (Plate 74A) 
In other regions the structure of the diaphragm is very difficult 
to resolve. Mya  (Plate 79B) shows further variation with 
some pedicels having three single diaphragms, one either side 
of the pedicel and a third linking to pedicels which are 
raised above the basal lamina.
In horizontal section the structure of the slit- 
diaphragm is clearly visible as a highly ordered array of 
cross-bridges. Most clearly seen in Anodonta  and Mytilus 
(Plates 73B & 74B) the diaphragm is a series of Y-shaped 
strands extending half-way across the filtration slit and 
alternating with those from the opposite side.
Using the mean of the measurements taken from
Anodonta  and Mytilus  (Table 7) a proposed model of the three-
dimensional organization of the pedicel-slit-diaphragm complex
of a generalized bivalve can be constructed. The structure
has pores with a rectangular base 15nm wide by 5nm high with
a triangular apex 8.5nm high, with llnm sides, forming a
2
total area of approximately 139nm (Fig. 13). The proposed 
generalized bivalve pedicel-slit-diaphragm complex is shown 
in Fig. 14. The evidence suggests that it most commonly is 
formed with a single slit-diaphragm.
The third element of the bivalve filtration site 
is the basal lamina. The basal lamina is fairly uniform in
264
N  CD
02 Ü
H A
02 m
s
I
c\J
(M
d
o
OJ
+ 1 +1
VO
lA 
O t\J 
+ 1 +1
lA
OO LA 
O  
+ 1 +1
(g|I
1TDO
lA
OJ
L ACVl 
O  r -  
+ 1 + 1
-zf-
hA O 
O  OJ 
+ 1 + 1
O  tA  
r- A 
+ 1 + 1
»
CO
•H
I0)
CO
a•H
I
C\J
\
A
A
lA
A
CVl
CO
o - p
> o3
1—1 <0
cd Cd E
> • p 0)
•H
• § §
Ti o cdo Ü 0)
N
•H
< E
H Ch CO
Cd o 0
Jh i—1O Ü •H
0 Cd +>0) 0) {>>CD E s
$T-
&iH
1
L
<D O 
•H 
T3 -P 
k  cd
CÜ *H■g s> 2 <0 TO 'O +>
CO 'CJ Jh
+ 1 cd
§ 10) +3
E  CO 
* •
cd
(D d
d 0
bc !> 0
{>■ •H A
Ü bO d0
cd 0 E
- p d 0
d cd Jh
o
TD E 0
o 5
-S g E
d A  y
•H cd 0
•H 0
'Cj •o A
0) 1 Ü
Jh -P 0
d •H
CO A d
Cd 0 O
Q) A
E 0
> X
CO 1—1 •H
cd cd
> d
e •H 0
bO A
Cd A
d <<
X ! 'O
dl 0 0
cd 0
•H •H 0
tD A
1 Cd
• p d
•H 0 " d
fH d 0
CO 0 d
bO d
t D 0
d 0
cd cd 0
r4 E
bO Jh
o 0
1—1 «H 0
cd ■H
•H 10 Ü
T3 0 0
d d A
cd A 0
Ü cd
•H > o
d 5
0 A
Pi •
w 0
0 •H r d
. d A A
+> d
T3 A
(H 0 O
o
0 d
CO d 3
d A 0
o •fH E
•H A
IQ !>■ 0
d S
0 A
E TJ
•H d 0
A 3 0
«
IN
0
A
,Q
cd
EH
265
PEDICEL
POPE 
(area = 139nn? )
PEDICEL
slit-diaphragm
5nm
llnm
  21.5nm -----
filtration-slit
F i g .13. D i m e n s i o n s  of a ’generalized' bivalve pericardial 
g l and slit-diaphragm.
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thickness and structure in all the species examined (Table 6) 
It is 10-50nm thick and composed of aperiodic fibrils 
approximately 3nm in diameter embedded in a granular matrix. 
The pedicels are separated from the basal lamina by a gap 
of up to ISOnm. Where the gap is large fibrils extend 
perpendicularly from the basal lamina to the base of the 
pedicel (Plate 75). As the gap decreases the fibrils become 
concentrated reaching a point where the pedicels are in 
direct contact with the basal lamina. The variation in the 
space between basal lamina and pedicels may be a further 
indication that some movement of the pedicels is possible.
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BRIEF OBSERVATIONS OF TIDAL INFLUENCE ON PERICARDIAL GLAND
AND RENAL ACTIVITY OF Scrobicularia plana  (da Costa)
1) Pericardial Gland
Five different states of cell were identified in 
the epithelium of the pericardial gland of S c r o b i c u l a r i a , 
using as the criterion the size of the cytoplasmic granules 
(Fig. 15).
Stage 1 - contain one or more small translucent
brownish granules less than 5;am in 
diameter (i.e. smaller than the nucleus).
Stage 2 - contain a single ganule approximately
equal in size to the cell nucleus (5pm).
Some granules appear as a collection 
of smaller (possibly Stage 1) granules 
fused together.
Stage 3 - contain a single large ( > 5pm) irregular
or rounded granule noticeably larger than 
the cell nucleus. In contrast to the 
granules of Stages 1 and 2 which appear 
to be located in the cytoplasm, some Stage 
3 cells contain granules in vacuoles.
They are typically brown (in sections 
stained with Heidenhain's iron haematoxylin), 
but there is some variation in colour.
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Stage 3 - Prominent black cores were noted, some
(continued) whole granules are black, while others 
seem to represent an intermediate 
condition with a black core and light 
brown halo region.
Stage 4 - similar to Stage 3 cells but with ruptured
vacuoles releasing granules into the 
lumen of the gland.
Stage 5 - cells similar to Stage 4 but appear
to have released granules. Cell debris 
seen in lumen of gland
The appearance of the gland epithelium was found to 
be very variable throughout the low-water period and 
beginning of the high-water phase of the tidal cycle. Lobules 
contained cell Stages 1-4, often adjacent to each other while 
in other regions of the same gland localized groups of cells 
of the same type occurred along with concentrations of cells 
with granules of the black core variety.
Attempts were made to quantify the results by 
counting cell stages in a known area. This proved unsatisfactory 
because this area was often unrepresentative of other parts 
of the gland.
The results obtained for animals sampled at mid­
high-water are significantly different from the rest of the 
samples in that the gland is uniform in appearance, being
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stage 1
Stage 2
nucleus
pericardial gland 
cell
lumen
cellular
granules
Stage 3
Stage k
Stage 5
Fig.15. Cellular stages identified in the lobules of the 
pericardial gland of Scrobicularia plana.
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almost entirely composed of cells in Stages 3 and 4 with 
conspicuous large granules. The gland was much more variable 
in animals sampled at the beginning of the next high-water 
cycle 1 hour after being covered with water. All 5 stages 
were identified.
The cell stages identified can be correlated with 
ultrastructural findings (Table 3):-
Stage 1 cells - vacuolar inclusions, I, II, V & VI
Stage 2 cells - vacuolar inclusions. III, IV
Stage 3 cells - vacuolar inclusions. III or VII
A final observation made during the collection of 
specimens for this experiment was the apparent variation in 
the colour of the pericardial gland. Specimens were noted 
with darkly coloured red-brown glands, whilst others appeared 
almost colourless. The colour variations could not be 
correlated with the phase of the tide.
ii) Kidney
The kidney was examined briefly. Sections of the 
distal limb of the kidney were examined. The proximal limb 
was not observed in the sections.
Cells of the distal limb appeared similar to those 
seen in routine sections (Chapter III). No phases of activity 
could be correlated with the state of the tide. The apical 
vacuoles did not appear to concentrate conspicuous concretions 
at any time during the experiment.
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DISCUSSION
The most important points which have emerged from 
the foregoing observations for discussion are
1. The location of the bivalve ultrafiltration site.
2. The ultrastructure of bivalve pericardial gland cells
(i) The cell body
(ii) The filtration 'membrane'
3. Tidal influence on pericardial gland activity.
4. The bivalve kidney
(i) Anatomical and histological organization
(ii) Ultrastructure
1. The Location of the Bivalve Ultrafiltration Site
In all the species examined the pericardial glands 
fulfil the structural criteria of Potts (1968) for producing 
an ultrafiltrate of the blood. The enigma surrounding the 
fulfilment of the pressure requirements needed to bring 
about ultrafiltration (Potts first criterion) is discussed 
later.
The glands, whether situated in the wall of the 
auricle as in Mytilusr or the pericardium as in Scrobicularia 
are formed from podocytes. These cells have come to be 
regarded as characteristic of filtration sites.
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It is generally agreed that the auricular pericardial 
gland is the more primitive of the two locations (Grobben,
1888 ; White, 1942) . The findings of this study confirm 
Grobben's suggestion that the pericardial glands are an 
epithelial modification of the auricle. It is also clear 
that the auricular pericardial glands form part of the 
auricular epicardium. Hence statements such as White's 
(19 42) that "the apertures for discharge of secretion have 
not been observed in this so-called auricular pericardial 
gland" are confusing since the gland cells border directly 
on to the pericardial cavity.
Similar confusion has arisen in Pecten where oval 
cells situated in the connective tissue and musculature of the 
auricle have been regarded as pericardial gland cells (Dakin, 
1909). At the ultrastructural level it is clear that the so- 
called oval cells do not represent the true pericardial glands 
as discussed in this study but lie in the lumen of the auricle 
beneath them. The pericardial glands of Pecten form the 
auricular epicardium and have familiar features of podocytes.
The oval cells are similar to the brown cells 
described in the oyster Crassostrea gigas by Ruddell and 
Wellings (19 71). In both instances the cells have a 
fenestrated plasma membrane that resembles the pedicels of 
podocytes. In the oyster it has been suggested that the brown 
cells may be involved in the processing of biological fluids. 
Cells of a similar type, termed pore cells (Plummer, 1966) 
have also been described in the pulmonate Archachatina. In
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this instance the cells were believed to be involved in 
collagen formation. A further function, haemocyanin synthesis, 
has also been attributed to pore cells in pulmonates (Boer 
& Sminia, 1976; Sminia & Vlugt-van Daalen, 1977). Such a 
function in the oval cells seems unlikely since Pecten lacks 
haemocyanin in its blood. Similar cells of unknown function, 
termed globular cells, have also been described in chitons 
by Kilby, Crichton and Lafferty (1973). Witmer and Martin 
(1973) have drawn attention to the similarities between podo­
cytes and the fenestrated connective tissue cells which they 
have proposed should be collectively named rhogocytes (= slit- 
perforated cells). Examination of the oval cells of Pecten 
has revealed that the similarities also extend to the presence 
of a basal lamina between the cells and the surrounding blood. 
This finding must cause some doubt as to whether the fenestrated 
cells found in the blood spaces are a connective tissue 
derivative since a basal lamina normally occurs only in 
association with non-connective tissue cells (Farquhar, 1978). 
The significance of this observation and its implications on
the origins of such cells remains unclear at present but may
justify further investigation.
The structure of the pericardial glands situated in 
the pericardium has been the centre of some debate as to
whether or not they open into the pericardial cavity.
Openings have been reported in Anodonta and Dreissena 
(Grobben, 1888) but have been disputed by others as artefacts 
(Kato, 19 60b). There can be no doubt from the findings of
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this study that the openings exist. This is most unequivocally 
demonstrated in the plastic replica of the pericardial cavity 
of Scrobi cularia which shows the branching duct system of the 
gland opening into the pericardial cavity.
Examination of the * pericardial* pericardial gland 
of Scrobi cularia has provided an insight into the possible 
origin of the gland in this location and its relationship to 
the auricular pericardial gland. The 'pericardial* pericardial 
glands are unusual in several respects compared with a 
typical exocrine gland configuration (Bloom & Fawcett, 1975). 
The glands are not surrounded by a connective tissue capsule 
and do not have distinct *non-glandular' collecting ducts, 
despite their size, linking the glandular areas to the 
pericardial cavity. Instead podocytes, line the gland through­
out : i.e. , there is only one cell type.
In view of the similarities between the auricular 
and 'pericardial* pericardial glands it is possible to envisage 
the development of the latter form from the primitive auricular 
site. In some genera, such as Nucula (Plate 56) patches of 
auricular gland resemble the 'pericardial* pericardial gland, 
as seen in other genera (cf scrobicularia Plate 26B) very 
closely. Assuming the pericardial site is an extension of 
the auricular gland it is possible to explain the atypical 
glandular structure of the 'pericardial* pericardial gland.
The most primitive condition might be an auricle with a small 
patch (or patches) of glandular tissue composed of podocytes 
(Fig. 16a). From this stage is is possible to envisage two
278
lines of development. Firstly the patch may extend over the 
surface of the auricle and become infolded into pockets, thus 
increasing the surface area of the gland. Continued infolding 
may therefore result in the formation of a 'spongy* texture, 
such as seen in Mytilus (Fig. 16d).
A second line of development is believed to have 
culminated in the 'pericardial* pericardial gland (Fig. 16a-d^). 
Instead of spreading across the whole surface of the auricle 
the gland may only develop at the anterior end. Small isolated 
patches of podocytes scattered across the auricular surface, 
as in Scrobicularia, are not enlarged. The anterior region 
however increases in area by repeated infolding and extends 
into the blood spaces opening into the auricle. In extreme 
cases it may even become virtually isolated from the rest of 
the auricle which is not involved with the filtration process. 
Such a development would explain why the gland is not a 
discrete entity surrounded by a connective tissue capsule. 
Instead, as the gland develops it forms a complex 'sponge-like* 
plug of tissue ramifying freely in the palliai blood sinuses 
which lead to the auricle.
A similar means of increasing the surface area of 
the filtration site has been described in the branchial heart 
appendage of cephalopoda (Schipp & Hevert, 1981) where 
podocytes lie in indentations of the wall. It should be 
stressed however that the branchial heart appendage is analogous 
to, not homologous with the pericardial gland as previously 
implied by Martin (1975), being situated in a different
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a) Dorsal view
pericardial cavityventricle
pericardium
glandular area 
■composed of 
podocytes
auricle
c)
d)
Lateral view Lateral view
C D
Fig.16. Development of the auricular (b-d) and 'pericardial 
(b^-d^) pericar 
epicardium (a).
dial gland from isolated areas of glandular
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position in the circulatory system from the pericardial glands 
of bivalves. It serves to raise blood pressure in the afferent 
ctenidial vein to aid the passage of blood through the ctenidia 
before returning to the auricles. In bivalves the filtration 
site is at the mouth of the auricles on the efferent side of 
the palliai circulation.
There are several factors which may be significant 
in the location of the pericardial gland. Of the species 
examined in this study and in White's comprehensive work (19 42) 
it appears that all species with greatly developed auricular 
pericardial glands are marine. In many marine species 
however the gland also shows some development in the peri­
cardium. Estuarine species such as Scrobicularia and 
Polymesoda caroliniana have extensively developed 'pericardial' 
pericardial glands and small auricular glands (where present). 
The greatest development of the pericardial part, however, 
occurs in freshwater species such as Anodonta, It is 
possible therefore to recognise a trend towards the develop­
ment of the gland in the pericardium from marine to fresh­
water species. It may be that in marine species in which 
the gland has invaded the pericardium there is a preadaptation 
to estuarine - freshwater habitats whereas the auricular 
gland may be unsuitable. The possible reason for the lack 
of species relying on auricular glands alone in freshwater 
may be connected with the need to remove large quantities of 
water from the body fluids that have been taken up by osmosis 
from the surrounding water (Potts & Parry, 1964). This would 
demand either a greater surface area of filtration membrane
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or an increase in the pressure gradient across the filtration 
membrane. The second alternative seems unlikely in bivalves 
which have an essentially low pressure circulatory system.
On returning to the first alternative it seems likely that 
there must come a point when the surface area is increased to 
such an extent that in the case of the auricle its circulatory 
function may be impaired. The constant volume hypothesis of 
auricular refilling postulated by Ramsay (1952) and Krijgsman 
and Divaris (1955) describes the process whereby the auricle 
refills passively as a direct result of a fall in the 
pressure of the pericardial fluid as a consequence of 
ventricular systole. The drop in pressure so created causes 
the auricle to expand and 'suck' in blood. Extensive 
development of the auricular glands may be incompatible with 
this mechanism since it may ultimately lead to the auricle 
becoming too bulky for circulatory refilling to take place.
It may also make the auricle too 'leaky' and consequently 
its development may have to be balanced between the two 
mechanisms of circulation and filtration. In contrast in the 
predominantly non-glandular auricles in species such as 
Scrobicularia and Anodonta these problems seem unlikely to 
arise. The auricles are extremely thin-walled structures 
which might be expected to perform well in the passive auricular 
refilling hypothesis.
The change in position of the pericardial gland from 
auricle to pericardium may therefore be considered as a 
means of separating the two processes of circulation and
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filtration. The separation of these functions appears to be 
most highly advanced in Anodonta and less so in Dreissena.
In Anodonta the pericardial gland lobules open into the neben-
II
hohle region of the pericardial cavity. This small chamber 
is separated from the main cavity housing the heart by out­
growths of the lateral walls of the pericardium which form 
a sphincter-like structure around the anterior aorta and gut
as they leave the anterior end of the pericardial cavity.
"
It is into the floor of the nebenhohle that the renopericardial 
canals open. It seems likely therefore that any filtrate 
produced by the pericardial glands will be drawn by the 
ciliary action of the renopericardial canals into the kidney.
In such an arrangement the pericardial glands and kidney may 
be considered as a single functional unit for the production 
of copious amounts of urine. As a consequence of this 
development the heart is physically separated from the 
filtration process and may be considered to function solely 
as a pump. , '
Experimental work measuring the rate of urine 
production in Anodonta by Picken (1937) and Potts (1954) 
has given widely differing results. It must be stressed 
however that the experiments were not designed to demonstrate 
the precise origin of the filtrate. Picken (1937) directly 
measured the rate of filtrate production by opening the peri­
cardium. Values approaching 250cm^ per day were recorded.
Potts (195 4) however recorded values lower than Picken by 
a factor of approximately 10 in intact animals by means of 
inulin clearance. It is not clear however where Picken (1937)
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collected his samples in the pericardial cavity. It might be 
reasonable to assume however that without specifically
II
attempting to sample from the small nebenhohle area the main 
pericardial chamber would seem to have been easier and more 
repeatable sampling site. This being so then it is possible 
that a certain amount of damage to the pericardium may have
II
resulted causing leakage from the nebenhohle area. Potts 
(1954) also thought damage was the source of discrepancy in 
the findings. Potts' (1954) results, sampled from the same 
area (but in an intact animal)may, with hindsight reflect the 
true situation and could be explained as a result of sampling 
from the main pericardial cavity which might under normal 
circumstances receive little filtrate. The position of the 
pericardial gland openings and the renopericardial openings 
must therefore be considered an important factor in relation 
to physiological experiments where measurements of hydro­
static pressures, osmotic pressures or rates of filtration 
are made. In Anodonta (Fig. IS) this may be especially
II
important as the nebenhohle region may differ significantly 
in many of these parameters from the main chamber of the 
pericardium. In Scrobicularia (Fig. 17) the gland openings 
are at opposite ends of the pericardial cavity to the reno­
pericardial openings. Hence in this instance and probably in 
all species with auricular pericardial glands the filtrate 
must pass through the pericardial cavity to reach the kidney.
It has become clear from the present work that an 
understanding of the anatomy and histology of the renopericardial 
complex in relation to possible filtration sites must be sought
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before physiological findings can be fully appreciated.
Previous work (Smith & Davis, 1965; Trueman, 1966; Pierce,
1970; Tiffany, 1972d; Mangum & Johansen, 1975; Florey &
Cahill, 1977) has to a large extent ignored this consideration 
in an attempt to substantiate the long held view that the 
ventricle is the filtration site. It is clear from the 
foregoing discussion that a reappraisal of filtration is 
called for now that evidence points to the pericardial glands 
as the filtration site.
For ultrafiltration to occur Potts' first criterion 
(19 68) states that "the hydrostatic pressure of the blood should 
exceed colloidal osmotic pressure of the blood at the site 
of filtration". In the past when considering the ventricle 
this requirement has been assumed to be fulfilled by muscular 
contraction during ventricular systole. It is apparent 
however that a similar principle is somewhat doubtful when 
considering the functioning of the pericardial glands.
This must be particularly so in the case of the 'pericardial' 
pericardial glands which appear to be relatively non-contractile. 
Despite forming an intrinsic part of the auricle the auricular 
pericardial glands may also prove inadequate in this respect. 
Auricular systolic pressures are generally agreed to be 
lower than those of the ventricle (Smith & Davis, 1965;
Brand, 1972; Florey & Cahill, 1977). Unfortunately the only 
species that have been examined in this respect are those 
with non-glandular auricles. In the case of Anodonta anatina 
Brand (1972) has recorded auricular systolic pressures of 
approximately 1.7cm H2O, about 3 * 5 - 6  times lower than those
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encountered in the ventricle. It is worth mentioning that 
from the calculations of Mangum and Johansen (19 75) and 
Florey and Cahill (19 77) the auricular systolic pressure 
would seem sufficient to bring about ultrafiltration by 
exceeeding the effective colloidal osmotic pressure of the 
blood (= colloidal osmotic pressure of the blood minus the 
colloidal osmotic pressure of the pericardial fluid) by a 
pressure of 0.91cm HgO. It would be unwise however to regard 
these figures as representative of other species with 
auricular glands since not only is the auricle non-glandular 
but also the pericardial cavity of Anodonta  is modified from 
the typical arrangement with the heart isolated in an almost 
feealed' chamber.
In order to resolve this dilemma, pressure recordings 
are required from species with we11-developed auricular 
pericardial glands. This would not however explain the 
functioning of the 'pericardial' pericardial glands which 
must depend on other means of creating the pressure gradient 
across the filtration membrane. One such factor that may be 
of major importance to the functioning of the glands in 
both locations is the creation of lower negative pressures 
within the pericardium. In such a system it is envisaged that 
a pressure gradient may be formed between the blood and the 
pericardial fluid by maintaining low pericardial pressure 
rather than high blood pressure. Once established then a 
suction pressure may provide the driving force for filtration. 
In this context it might be advisable not to use the term 
ultrafiltration since this inevitably has the connotation of
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a system where high hydrostatic pressures need to be created.
The term filtration or suction filtration may describe the 
process less ambiguously. The discussion that follows must 
at this stage be regarded as speculation based on the 
structural findings of this work and the rather limited 
physiological results obtained from a variety of sources.
The creation of low or negative pressures within the 
pericardium has long been offered as an explanation of refilling 
the auricle in the constant volume hypothesis of auricular 
filling (Ramsay, 1952; Krijgsman & Divaris, 1955). In such a 
system the volume of the pericardium is considered to remain 
relatively constant so that contractions of the ventricle 
create a negative pressure pulse in the pericardium which in 
turn brings about inflation and refilling of the auricles.
In such a system if the pressure drop were of a large 
enough magnitude and the auricular wall porous, then a filtrate 
might be sucked through the walls of the pericardial gland, 
whether it be in the refilling auricle or the wall of the 
pericardium.
For the system to work efficiently the pericardium 
must retain a relatively constant volume during ventricular 
systole. This must be achieved despite the presence of the 
paired renopericardial openings. Andrews (19 79) has 
considered this problem in the prosobranch viviparus. The 
possibility that the renopericardial openings may be opened 
in a coordinated manner to enable the auricle to refil has 
been considered. If the openings were not restricted during
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ventricular systole then fluid may be sucked back from the 
kidney to compensate for the pressure drop. It is not 
clear whether such a system operates in bivalves. In the 
species examined it is impossible to be certain whether the 
funnel-shaped canals can be closed by muscular constriction.
The need to close the canals may however be unnecessary 
provided that the canals constantly generate a low or negative 
'suction' pressure of a magnitude that is at least equal to 
or perhaps greater than that generated in the pericardium as 
a result of ventricular contraction. If this were achieved 
then 'suck-back' from the kidney would be prevented. A 
similar role for the reduced renopericardial canal in the 
pulmonate Helix pomatia  has been suggested by Jones (1971).
In this instance it is thought that the renopericardial 
canals maintain the pericardium at a lower pressure than the 
auricle and ventricle. Observations on the bivalves Anodonta 
anatlnia  by Brand (1972) and Saxidomus giganteus  (Veneridae) 
by Florey and Cahill (1977) have led to the same conclusion.
It is therefore probable that the renopericardial 
canals may enable filtration to occur through the pericardial 
glands during ventricular systole. Furthermore, if a 
pressure gradient were maintained then filtration could be 
continuous. This idea may justify further investigation in 
Anodonta  where the renopericardial canals and pericardial
II
gland openings lie close together in the nebenhohle region 
of the pericardial cavity. In such an arrangement the reno­
pericardial canals may be compared with the flame cilia in 
the terminal cells of protonephridia (Kiimmel, 1975; Brandenburg,
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1975) which have been shown to bring about filtration by 
creation of a pressure gradient. A similar role might also 
be undertaken by the flagellated cells of the auricular 
glands described above in Mytilus  and in Area noae  and 
Li thodomus dactylus  by Grobben (1888).
In conclusion it must be considered that the 
primary urine (= pericardial fluid) in bivalves is formed 
by filtration through the walls of the pericardial glands 
as a result of low or negative 'suction' pressures created 
in the pericardium. These pressures are considered to be 
created by ventricular contraction and the ciliary activity 
of the renopericardial canal.
To substantiate this theory measurements of hydro­
static pressures and colloidal osmotic pressures need to be 
made in a species where the position of the pericardial 
glands is known. Previous work has provided only parts of 
this information in a variety of species. It is clear that 
comparisons between species may only be of value if all the 
structural parameters relating to filtration are known.
The observations described above suggest that the 
heart and kidney of Anodonta  are highly specialized, therefore 
not typical, either in structure or function. For this 
reason it might be regarded as an inappropriate subject for 
experimental work but it is suggested here that, on the 
contrary, its very specialization tends to suit it well to 
experimental techniques. Measurements made simultaneously
II
in the main oericardial chamber and nebenhohle could provide
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conclusive evidence of the separation of the functions of 
filtration and circulation. This might also be established 
by the use of radio-opaque dyes (Gauldie & Redshaw, 19 78) .
By this technique the fluid dynamics of the pericardium may 
be revealed and so establish whether the two chambers of 
the pericardium function independently. Finally the use of 
ciliary inhibitors (Warner, 1969) could determine the role 
of the renopericardial canal both in the function of the 
heart and in urine production.
2. The Ultrastructure of the Bivalve Pericardial Gland Cell
i) The cell body
Despite the limited number of species examined there 
are several features characteristic of the auricular, as 
distinct from the 'pericardial' pericardial cells although 
many features appear common to both. This is especially so 
in the case of the pedicel arrangements which overlie the 
'filtration membrane' (discussed in 2(ii)).
A trend is apparent for the reduction in the number 
of cell junctions, typically desmosomes, between auricular 
and 'pericardial' pericardial glands. The auricular gland 
cells exhibit numerous desmosomes between cell bodies (Fig. 19) 
either apically or as in Mytilus  along the lateral membranes.
In comparison the 'pericardial' pericardial gland cells 
(Fig. 20) appear to have very few junctions of this kind. 
Auricular gland cells are consequently arranged close together. 
The pedicel networks therefore tend to be restricted in area.
292
a) Nucula nucleus
cilium
desmosome
ledicels
b) Mytilus edulis
c) Pecten maximus
Fig.19- Auricular pericardial gland cells.
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a) Scrobicularia plana b) Anodonta cygnea
microvilli
cellular
inclusion 6  o
pedicels
c) Eya arenaria d) Polymesoda maritima
e) Polymesoda caroliniana f) Co’rbicula manilensis
F i g . 20. ’Pericardial' p e ricardial gland cells.
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tucked away between the basal regions of the cells as in 
Nucula  and Mytilus.  This form of organization may reflect the 
need for additional strengthening between epicardial cells 
to protect the pedicel network during auricular systole.
This function may have later become redundant in 'pericardial' 
pericardial glands. The auricular glands of Pecten  appear 
significantly different from Nucula  and Mytilus.  Despite 
a greater degree of 'fusion' between gland cells (Fig. 19; 
cf c with a & b) there appears to be a greater expanse of 
pedicels originating from the lateral and basal membranes 
of the grouped cell bodies. They form 'tubular' filtration 
sites around and below the gland cells with a restricted 
opening into the pericardial cavity between the cell bodies.
It must be remembered that the situation just described is 
not static as represented in micrographs but it is part of a 
surface which is expanded and contracted by muscular activity. 
This is particularly so in active species such as Pecten 
where sudden increases in heart rate occur in response to 
swimming movements (Smith & Davis, 1965). The organization 
of the auricle may therefore reflect these sudden changes 
in shape with a more substantial auricular epicardium and 
modified arrangement of pedicels.
The arrangement of the 'pericardial' pericardial 
gland cells (Fig. 20) is such that the cell bodies are isolated 
from one another by large areas of exposed interdigitating 
pedicels. In only a few instances desmosomes occur between 
cell bodies. The main cell attachment sites appear therefore 
to be the pedicels (see Discussion 2(ii)).
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Despite the lack of precise measurements it seems 
that the 'pericardial' pericardial glands have a much greater 
surface area of pedicels than the auricular sites. The 
development of a discrete pericardial gland in the pericardium 
may have been a pre-adaptation for estuarine and freshwater 
habitats in which there is a need for greater filtration 
capacity.
A common feature in all the pericardial gland cells 
examined are the numerous inclusions and vesicles of varying 
size and electron density. A systematic investigation of 
the nature of these inclusions was not carried out in this 
study. However, based on the few histochemical tests 
carried out and the findings of the more thorough work on the 
inclusions of the pericardial gland of Mytilus  by Moore et al. 
(1980) described in the Introduction it is possible to outline 
the nature of the inclusions.
It seems likely that the inclusions (numbered I to 
VII in the results Chapter III) form various stages of a 
continuous cellular digestive process. Material is taken up 
from the blood and possibly the filtrate by pinocytotic 
activity. This was shown by Moore et al. (1980) using 
horseradish peroxidase and confirmed in Scrobicularia  in 
this study using ferritin. The pinocytotic vesicles found 
near the basal margins of cells coalesce to form larger vesicles 
which are acted upon by lysosomes (thought by Moore et al.,
1980, to originate from the Golgi bodies) to form secondary 
lysosomes. These inclusions appear to accumulate lipofuscin
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which in turn gives the characteristic colouration to the 
glandular tissue. Ferritin not only accumulated in the 
secondary lysosomes of Scrobicularia but it also appeared in 
small quantities in the smooth endoplasmic reticulum. Some 
evidence was seen of links between the secondary lysosomes and 
the reticular system. This was particularly evident in 
etched resin sections of the gland cells examined by SEM 
(Chapter III, Plate 30c). It seems therefore that some of the 
spherical inclusions may be swollen regions of the reticular 
system, which must therefore be considered as a continuous 
reticular-vesicular system. Evidence was also seen of 
connections between the cell surface and the reticular- 
vesicular system. In some instances ferritin was observed 
in this location. It cannot be stated for certainty however 
whether this ferritin was being lost from the cells by 
merocrine secretion into the pericardial fluid or whether it 
represents isolated molecules of ferritin that has passed 
through the pedicel network and is about to be taken up by 
the cells. The fate of the large accumulations of ferritin in 
the cells was not determined during the course of the tracer 
experiment. It is not clear whether the accumulated material 
is discharged via the reticular-vesicular network or whether 
aprocrine secretion is involved as suggested by Moore et ai.
(19 80) in Mytilus.  Since some evidence of cell debris was 
found in the entrances to the ducts of the gland in Scrobicularia 
it seems likely that apocrine secretion may be involved.
The ferritin tracer results for the pericardial
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gland of Ano don ta  did not show accumulation of ferritin in 
the inclusions of the gland cells. The significance of this 
result is not understood since the cells contain inclusions 
similar to those in the glands of other species. The cells 
of Anodonta  do however contain very prominent spherical . 
inclusions which often contain a crystalline core, not seen 
in any of the other species. Without knowing the composition 
of the crystalline core it is impossible to suggest its role 
in excretion. On a few occa sions the large inclusions with 
crystalline cores were noted in the pericardial gland lumen 
without any cytoplasmic covering. Such a finding may indicate 
that the inclusions are released from the cells by holocrine 
secretion. Without more evidence however, this cannot be 
stated with certainty.
The ferritin seen in Anodonta  was in low concentrations 
in the blood and concentrated in some of the haemocytes. It 
is not clear why there is such a difference between Anodonta 
and Scrobicularia.  The fact that the ferritin concentration 
appeared initially lower in Anodonta  may have some significance 
(the quantities injected were not standardized for weight or 
blood volumes). It may be that the haemocytes removed the 
ferritin more efficiently than the gland cells, i.e. before 
the ferritin had time to reach the gland cells. The fate of 
haemocytes containing ferritin was not resolved in this study.
Despite the numerous unanswered questions which 
remain it is possible to draw some general conclusions as to 
the role of the pericardial gland cells.
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Apart from their involvement in filtration, it is 
clear that the cells also have an excretory role. Substances 
are removed from the blood and possibly the filtrate, degraded 
and accumulated in the cells. The cells may store material or 
release it into the pericardial cavity for eventual removal 
from the body by way of the kidneys.
No evidence was found in this study of phagocytes 
collecting the pericardial gland inclusions (Potts, 1967) 
and removing them from the gland via the blood. In the species 
examined the contents of the glands empty into the peri­
cardial cavity.
ii) The 'filtration membrane'
The pedicel/slit-diaphragm complex (the 'filtration 
membrane') of the bivalve pericardial gland cells is uniform 
in size and structure (Table 6, Figs. 13 & 14). The slit- 
diaphragm normally appears to be a single-layered structure 
similar to that of the mammalian glomerulus described by 
Rosewald and Karnovsky (1974). In some sections however, a 
double-layered structure can be made out like that reported 
in the prosobranch viviparus by Boer, Algera and Lommerse 
(19 73), Boer and Sminia (1976) and Andrews (19 79). While the 
plane of section may account for the appearance of some of 
the double structures as a result of oblique sectioning it 
is difficult by this explanation to satisfactorily account 
for all such examples. Further clarification might be sought 
by electron microscopy using a goniometer stage to correct
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the plane of section to give a perfect end-on view of the 
diaphragm. However on existing evidence it must be concluded 
that the diaphragm is predominantly a single-layered structure 
with the possibility that in some areas (apparently at random) 
a double-layered structure may also exist.
The structure of the slit-diaphragm in horizontal 
plane is different from that in previously described diaphragms. 
Witmer and Martin (1973) have described a diaphragm between 
pedicels of podocytes found in the branchial heart appendage 
of Octopus  formed from a substructure of 'round elements'.
Their electron micrographs however show in places a structure 
that is very similar to that seen in bivalves. Further micro­
graphs of diaphragms in a similar position in Sepia  published 
by Schipp and Hevert (19 81) also show structures of a similar 
type to those in bivalves although they are not described in 
the text. Auricular podocytes of the archaeogastropod 
Emarginula  have similarly been found to possess diaphragms 
of the 'bivalve type' (Andrews, in preparation). Electron 
micrographs of oyster brown cells published by Ruddell and 
Wellings (1971) show a similar diaphragm structure but again 
this is not described in the text.
In all the examples given above there is a central 
zig-zagging filament which links the apposing teeth (or pegs) 
of the diaphragm. This situation contrasts with that 
described in v i v i p a r u s. Boer and Sminia (1976) interpreted 
the teeth of the diaphragm as having rounded bulbous ends, 
whereas Andrews (1978) described teeth with tapering ends (Fig. 21)
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Fig.21. A) Horizontal longitudinal section showing the dimensions 
of the auricular slit-diaphragm of the prosobranch 
Viviparus (redrawn from quoted measurements, Boer 
and Sminia, 19?6). Note that the pore size quoted as 
9 X 11nm should be 3 x 13nm in the location stated.
It is also evident that much larger 'pores’ occur 
diagonally between the round ended teeth and along 
the median axis of the diaphragm.
In such a system it is not clear how the opposing 
teeth of the diaphragm are held in place since there 
appears to be no contact between pedicels. In bivalves 
this problem is overcome by the central zig-zagging 
element of the diaphragm which gives dimensional 
stability to the structure.
B) Stereogram of the slit-diaphragm of Vivinarus (after 
Andrews,1979)• Note in this interpretation transverse 
cytoplasmic bridges between pedicels serve to keep 
the teeth of the slit-diaphragm in position.
N.B. all dimensions in nm.
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Neither interpretation includes a central filament, though
this is a feature in the rat kidney (Rodewald & Karnovsky,
197 4). In the case of the rat the opposing teeth are linked
by a thick (llnm) straight central filament (Fig. 22). The
pores so formed are rectangular with an area of
2
approximately 56nm . This is appreciably less than in the
2
bivalve which was estimated to be 139nm . Latta (1980) 
however considered that Rodewald and Karnovsky's (1974) 
estimate of dimensions may be artificially small as a result 
of tannic acid fixation and perfusion fixation. Karnovsky 
and Ryan (1975) using freeze fracture techniques could not 
discern the central straight filament, but in some sites they 
did however see a zig-zagging shadow running centrally along 
the filtration slit. The significance of this finding was 
not determined but in the light of the observations on 
bivalves a reappraisal is justified.
Structures with alternating apposing teeth linked 
by a central zig-zagging filament have been described in 
mammalian spot desmosomes (maculae adhérentes) by Staehelin 
and Hull (1978) and as an element in the complex septate 
junctions of Hydra  by Hand and Gobel (1973) (Fig. 23). A 
slit-diaphragm-like element was also noted in some epithelial 
desmosomes of the heart and kidney of Scrobicularia  (see 
Chapter III). In this instance, the desmosome is thought 
to be a belt type (zonula adherens) similar to that described 
by Farquhar and Palade (1963). This assumption was made on 
the basis that a sectioned desmosome appears in the same 
position between cells in all micrographs, a situation that
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a) Model of a spot desmosome (after Staehelin and Hull,1978).
b) Septate junction of Hydra (redrawn from Hand and Gobel, 
1972).
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would seem beyond chance in relation to spot desmosomes.
On considering the similarity between desmosomes 
and slit-diaphragms it is easy to envisage the progressive 
transformation of a squamous auricular epicardial cell 
with surrounding belt desmosome into a podocyte with pedicels 
and slit-diaphragms (Fig. 2 4). By progressive development 
of the cell body away from the basal lamina and differential 
growth of the cell extremities, branching pedicels could be 
derived. In such a process the desmosome might become 
developed in one plane to form the slit-diaphragm.
The structure of the slit-diaphragm in viviparus 
has been considered as an elaboration of the cell coat, the 
glycocalyx (Andrews, 1979). The glycocalyx has also been 
implicated in some septate cell junctions of insects (Lane 
& Skaer, 19 80). Without further analysis of the composition 
of the slit-diaphragm it is not possible to comment any 
further as to the similarities of the two structures.
Staehelin and Hull (1978) have suggested that the 
'slit-diaphragm' component of the spot desmosome may allow 
stresses to be dissipated throughout the tissue. Such a 
function could be important at the filtration site, producing 
some degree of stability to the system. Movement of the 
pedicels cannot however be excluded. Such movement must 
arise indirectly as a result of sub-epithelial muscle 
contractions (especially so in the auricle) or directly due 
to contractile elements in the pedicels (Karnovsky & Ainsworth,
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b)
desmosome
'nuclear bulge' primary
branches
c) d)
primary branch
secondary folding 
leading to pedicel 
formation
interdigitating 
pedicel network slit-diaphragm
Fig.24. Schematic diagram showing the possible development of a
pericardial gland podocyte cell from a squamous epicardial 
cell (a-d). Pedicels are formed by differential peripheral 
growth and folding of the epicardial cell and the 
associated desmosome is modified to form a slit-diaphragm.
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1972). Belt desmosomes have also been shown to be contractile 
under certain conditions (Staehelin & Hull, 1978). If the 
pedicels themselves move the question arises however as to 
what becomes of the highly ordered array of the slit-diaphragm. 
Without knowing which elements (if any) in the diaphragm might 
be capable of movement and how they might move in relation 
to each other it is difficult to predict the outcome in terms 
of the stability of the filtration site.
Extensive studies have been carried out on the 
mammalian glomerulus, particularly in relation to the exact 
location of the filtration barrier in the pedicel/slit- 
diaphragm/basal lamina complex. The main conclusion of these 
studies as outlined in the Introduction is that the basal 
lamina is the primary barrier to filtration on the basis of 
size and charge.
Before drawing any analogies between the mammalian 
and bivalve arrangements it is important to recognize some 
structural differences between the two.
The glomerular basal lamina is a highly specialized 
structure. Normally a basal lamina faces a cell membrane on 
one surface and elements of the connective tissue on the other. 
In the glomerulus the basal lamina separates epithelial cells 
from endothelial cells. In this location it is much thicker 
(up to 250nm in the human glomerulus) than in more 
conventional sites which tend to be 20-50nm thick (Farquhar, 
1978) . The increase in thickness is thought to arise from
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the formation of the basal lamina from both epitheial and 
endothelial sites. The resulting structure has three layers 
of equal width :-
The two outer layers, the lamina rara externa on 
the epithelial side and the lamina rara interna on the 
endothelial side, and a median layer the lamina densa.
In direct contrast, the molluscan basal lamina as 
seen in the bivalves is a single layered structure (Fig. 22) 
bordering directly on to the blood space with no intervening 
endothelium. In width and composition the molluscan basal 
lamina might be comparable with one of the glomerular outer 
layers. This however poses a problem concerning the 
proposal that the basal lamina is the main filter. Many of 
the .tracer experiments show a build up in the lamina rara 
interna on the endothelial side of the basal lamina. This 
has led Karnovsky and Ainsworth (19 72) to propose that this 
phenomonen is due to the central lamina densa being more compact 
than the inner and outer layers and therefore is the most 
important of the three regarding filtration.
Hence unless there is a fundamental difference in 
the molluscan basal lamina it may be difficult to reconcile 
results with the same tracers since there appears to be no 
layer comparable to the lamina densa and one might expect the 
same traces to pass through the molluscan basal lamina if it 
is equivalent to the outer glomerular layer. Initial results 
obtained from injecting ferritin into the blood of Sc robicularia 
suggest that this may be the case. In numerous instances
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ferritin molecules were observed on the epithelial side of 
the basal lamina. The basal lamina does however appear to 
restrict the passage of the ferritin since there was a much 
higher concentration against the basal lamina than on the 
epithelial side. Browning (1979) investigating the micro­
vasculature of Octopus  has also shown that ferritin passes 
through the basal lamina.
Despite passing through the basal lamina ferritin 
does not appear in any quantity in the lumen of the peri­
cardial gland. It would appear therefore contrary to the 
findings in the mammalian glomerulus that in bivalves the 
slit-diaphragm may constitute the final filtration barrier. 
Coupled with any charge effects the tapering pores of the 
diaphragm are marginally smaller than a molecule of the 
order of 12nm diameter, such as ferritin. The significance 
of this finding may lie in the nature of the molecules 
filtered from the blood in bivalves.
In the majority of molluscs the most important 
molecules that need to be retained in the blood are the 
respiratory pigments, i.e. haemocyanin or haemoglobin.
Since neither appear in the primary urine (Mangum & Johansen, 
1975) it would appear that the filtration site is excluding 
them.
The sizes of molluscan respiratory pigments have 
been reviewed by Wood (1980). Haemocyanins are cylindrical 
in shape 35nm in diameter and 35nm in length in gastropods 
and 17nm in length in cephalopods. Haemoglobins of gastropods
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are circular in structure 20nm in diameter. In the hetero- 
dont clam, Cardita borealis,  one of the few bivalves that 
posseses an extracellular respiratory pigment, the haemo­
globin molecules are rod shaped with a width of 21-36nm and 
length 36-120nm. From the dimensions given it is apparent 
that the pigments are at least two to three times larger 
in their smallest dimmension than the ferritin tracer used 
in this study. Hence it would be expected that they would be 
severely retarded by the filtration membrane.
The function of the filter is less clear in the 
majority of bivalves which do not have a circulating 
respiratory pigment. It raises the question as to what the 
filtration site is retaining. The results of this study 
indicate that molecules of a diameter less than lOnm may 
be filtered from the blood. The precise nature of the 
proteins of this size found in the blood remains unclear. 
There appears to be little work on the identification of 
proteins in the blood. Most work only provides quantitative 
data from which it has been found that protein levels are 
generally of a low order in the range of 1.15-2.87mg.cm? 
(Bayne, 1973 ; Florey & Cahill, 1977). Measurement and 
identification of the protein present in the blood and peri­
cardial fluid may consequently enhance the understanding of 
the working of the filtration site.
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3. Tidal Influence on Pericardial Gland Activity
The pericardial gland cells of Scrobicularia  show 
a cyclical build up of granules which are released into the 
lumen of the gland. Ultrastructural studies have shown this 
activity to be associated with the removal of material from 
the blood.
In contrast to the synchronous activity of the 
digestive gland outlined in the Introduction, the secretory 
activity of the pericardial gland appears asynchronous in the 
majority of animals examined. Cells occur at varying stages 
of the cycle throughout the gland. However, two animals were 
found during the high-water phase of the tidal cycle in 
which most of the gland cells appeared to be at the same 
stage of development; a point considered to be just prior 
to the release of the cell contents.
The apparent lack of synchronous activity in the
majority of animals examined may be explained in terms of 
the behaviour of Scrobicularia.  Although a representative of 
the intertidal fauna, scrobicularia  has been shown to be 
relatively independent of the tidal cycle for its feeding 
requirements. Hughes (19 69) showed that Sc ro bic ula ria  is 
able to feed during low-water provided that the water table 
of the beach remained above the animal in its burrow.
Ear11 (1975) reported a similar finding when measuring the 
heart rate of Scrobicularia.  The animals remained active
until the water table was lowered beneath the animal, after
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which both heart rate and shell movements declined substantially 
Earll (1975) also recorded periods of cessation of pumping 
between feeding but could not correlate these with any 
external parameter.
Hence a major source of variability in the results 
of this study may reflect the independence of the feeding 
habits of Scrobicularia  in relation to the tide. The 
asynchronous nature of the gland may also be a reflection of 
this since waste material may be continually transported to 
the gland which in turn always has some cells in a state of 
readiness for uptake. In such a system it seems that the 
cellular activity may be very slow and extend over many tidal 
cycles. Such a regime may also be important in maintaining 
the structural integrity of the glands' filtration network.
This may be important since in places holcrine secretion 
appears to occur. This being so then minimal disruption to 
the filtration sites may be expected as cells regenerate.
Thus the gland is able to provide two diverse functions 
simultaneously over long periods.
4. The Bivalve Kidney
i) Anatomical organization
Despite the fact that the kidneys of only two 
species — Scrobic ul aria  and Anodonta  have been examined, 
several pertinent features have been revealed which may 
help our understanding of the general organization of the 
kidneys in bivalves.
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Despite the differences in the degree of development 
of the proximal and distal limbs in these two examples it 
is possible to suggest their derivation from a common basic 
plan (Fig. 12). In both species the proximal limb of the 
kidney extends posteriorly from the renopericardial canal 
and pericardial cavity. At a point close to the posterior 
adductor muscle the proximal limb turns through 180^ in the 
vertical plane and broadens out to form the distal limb which 
then passes anteriorly covering the proximal limb. This opens 
into the suprabranchial chamber of the mantle cavity through 
the kidney opening. In both species the right and left distal 
limbs are confluent anteriorly.
The kidney of Scrobicularia  appears to show the 
most common arrangement amongst bivalves according to other 
studies (Table 8), particularly from the diagrams of Odhner 
(1912). It is possible to recognize two main types of kidney 
(Fig. 25). Firstly (Fig. 25A) there are those which are 
U-shaped. As a consequence the proximal and distal ends of 
the kidney duct lie very close to each other. All the species 
in Table 8 fall into this group except two : Pecten  and Mytilus, 
which constitute a second group (Fig. 25B). They are not 
U-shaped, but appear to be modified straight ducts.
The first group of 'looped' kidneys may be further 
subdivided. The kidneys of protobranchs such as Nucula  and 
highly modified boring species such as Teredo  are looped 
anteriorly instead of in a posterior direction as in other 
species. Burne (1903) suggested that the development of a
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1) Nucula
POSTERIOR ANTERIOR
I pericardium
heart
kidney-
posterior 
adductor 
muscle
renopericardial 
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2) Ostrea
RPO
1) Pecten
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3) Scrobicularia
4) Thracia
2) Mytilus
^/^RPO
KO
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RPO
Fig.23. Morphology of the bivalve kidney showing two structural
variations : A) kidney ducts looped through I80*, B) straight 
ducts (after Odhner,1912).
313
large stomach in protobranchs has resulted in the anterior 
displacement of the kidney along with a reduction in the 
length of the pericardium. In the other variants (Fig. 25A 
2-5) the position of the kidney is relatively stable in 
relation to the posterior adductor muscle, but there are 
variations in the position of the renopericardial openings 
in the pericardial cavity. The most extreme modification is 
in the monomyarian Ostrea  (Fig. 25A2 ). The pericardium and 
kidneys appear to have rotated through 90° from the horizontal 
axis as a consequence of the revolution of the growth axis 
through 90° (Yonge, 1953). A more typical arrangement is 
exhibited by Scrobicularia  (Fig. 25Ag) with the pericardium 
and kidneys rotated back 90° so that the posterior adductor 
muscle, kidney and pericardium are arranged in a line along 
the horizontal antero-posterior axis of the animal. In such 
an arrangement the renopericardial openings lie at the posterior 
end of the pericardial cavity. A progression can be seen 
from this arrangement to that in Anodonta  (Fig. 25A^) with 
the renopericardial openings at the anterior end. An inter­
mediate type displayed by Thracia  (Fig. 25A^) shows the kidney 
extending ventrally beneath the pericardium with the reno­
pericardial openings in the middle of the pericardial cavity.
No particular significance can be attributed to the position 
of the renopericardial openings since variations occur in 
many diverse groups (Table 8). However it has already been 
proposed that the anterior displacement of the renopericardial 
openings correlated with development of anterior 'pericardial' 
pericardial glands may apparently be exploited in freshwater
;i6
Table 8 pages 317 - 318. Bivalve kidney structure in 
relation to the position of the pericardial 
cavity.
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species with a high rate of filtration.
Odhner (1912) considered the 'unlooped' kidney to 
be primitive. By comparison with most other species (Table 8) 
the kidneys of Mytilus  and Pecten  appear markedly different 
in structure. They also differ significantly from each other. 
Mytilus  appears the most atypical having no interconnection 
between right and left kidneys and despite possessing a 
'straight' kidney duct still retains the close proximity of 
the renopericardial and kidney openings - a feature most other 
species have arrived at by the development of the looped 
kidney. Pecten,  however retains the connection between 
kidneys but has the renopericardial and kidney openings widely 
separated.
It is debatable whether the kidneys of these species 
can be considered primitive. They are highly specialized 
in other ways, particularly in relation to the differential 
growth patterns associated with the trend toward the mono­
myarian condition. The status of these species is put into 
even more doubt however, when it is realized that some 
species, e.g. Ostrea,  which have undergone these growth 
changes still retain a typical looped kidney. Further 
clarification may however be sought in a closer examination 
of the histology of the looped kidney arrangement.
Despite the anatomical similarities, the kidney 
organization as seen in scrobi cul aria  and A n o d o n t a, varies 
at the histological level betwen species. Since the kidney
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of Scr obi cularia  seems to typify that of most bivalves it 
can be used for comparison with the atypical forms. Its 
kidney is divisible into four regions :
1. Renopericardial canal - extensively ciliated
columnar epithelium.
2. Proximal limb of kidney - simple tubular duct lined
by columnar ciliated 
epithelial cells (markedly 
less ciliated than reno­
pericardial canal). Cells 
abstract tracers such as 
ferritin from blood.
3. Distal limb of kidney - excretory epithelial cells
typified by apical vacuoles. 
Unciliated.
4. Kidney excretory duct - ciliated columnar epithelial
leading to kidney cells similar to the reno­
opening pericardial canal.
The kidney of Anodonta  differs in that both proximal 
and distal limbs are lined by an excretory epithelium. 
Ultrastructural differences do exist however, between the two 
regions which suggest that both are modified from the same 
cell type (discussed in 4 (ii)). The proximal limb of the 
kidney of Anodonta  also differs from that of scrobicula ri a 
in that its walls are elaborately produced into numerous folds 
in place of a simple unfolded tubular duct. Conversely the 
distal limb in scrobicularia  is highly folded whereas in
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Ultrastructural differences do exist however, between the two 
regions which suggest that both are modified from the same 
cell type (discussed in 4 (ii)). The proximal limb of the 
kidney of Anodonta  also differs from that of Sc robicul aria 
in that its walls are elaborately produced into numerous folds 
in place of a simple unfolded tubular duct. Conversely the 
distal limb in Scr obi cularia  is highly folded whereas in
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Anodonta  it forms a sac-like bladder with hardly any folds. 
Odhner (1912) recognized this somewhat atypical arrangement 
in Anodo nt a  and concluded that it is difficult to take 
Anodonta  as a 'base' to compare other species because of 
its atypical characteristics. In order to explain the 
atypical arrangement he suggested that the proximal limb 
may only be represented in the renopericardial canal, the 
rest of the looped glandular kidney being derived from the 
distal limb. Such a proposal might also explain other 
variant kidney forms in which only an excretory epithelium 
is present as in protobranchs, Pecten  and Mytilus.  Following 
Odhner's (1912) proposal it has become apparent in this study 
that a certain amount of confusion may arise from distinguishing 
between the renopericardial canal and the proximal limb of 
the kidney. In some instances, especially from dissection 
alone, it is possible to mistake the whole proximal limb 
for the renopericardial canal. The same confusion can also 
result in isolated sections of the kidney which contain parts 
of the proximal limb. The differences are clear however in 
histological preparations which contain both regions 
(Chapter III, Plate 9A). The renopericardial canal is lined 
by simple ciliated columnar epithelial cells with distinct 
basal ciliary bodies in contrast to those of the proximal 
limb with shorter and fewer cilia that lack distinct basal 
bodies. Cells of the proximal limb can also be distinguished 
by the presence of a brush border and faint striations in the 
basal cytoplasm (resolved as basal infoldings at the ultra- 
structural level).
Some doubts arise however from some descriptions 
of bivalve kidneys as to whether all these criteria have 
been closely examined and appreciated. Burne (1903) for 
instance, described the kidney of Nucula  as being lined 
by excretory epithelium apart from the renopericardial canal 
which is described as being "of some length" passing back­
wards into the kidney. Fingerman and Fairbanks (1957) also 
describe a similar arrangement in the monomyarian cr ass ostrea 
virginica.  It seems therefore that a reappraisal of some 
of these species would prove worthwhile to clarify this 
point.
The question remains as to the fate of the proximal 
limb - it may be hypertrophied or lost. It is difficult to 
be certain whether species which apparently do not have 
histologically distinct proximal and distal limbs in the 
kidney exhibit a primitive or specialized form. To clarify 
this point further it us necessary to examine the ultra­
structure of the kidney.
ii) Kidney ultrastructure
The preceeding discussion on the anatomical organization 
of the bivalve kidney has highlighted some of the difficulties 
encountered when comparing kidney organization across the 
whole group.
Examination of the ultrastructure of the kidney of 
S c robi cu la ria  and Anodonta  has in turn provided further 
information, complementing the anatomical findings, and
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enhancing understanding of kidney organization.
The cells of the proximal limb in Scrobicularia 
show features characteristic of a transporting epithelium 
(Berridge & Oschmann, 1972) with well developed apical micro­
villi and infoldings of the basal membranes surrounding 
localized groups of mitochondria. The cells are also 
ciliated and contain small (lum) vesicles of the lysosome 
type described by Pirie and George (1979) in Mytilus.  The 
cells are conspicuous in one other respect : the apical 
cytoplasm contains an extensive network of smooth endoplasmic 
reticulum, similar to that seen in the pericardial glands.
The reticular system appears to form a continuous network 
throughout the cytoplasm and fuses with some of the vesicles, 
suggesting that they are swollen regions of the reticular 
network.
Ferritin tracer experiments have shed further light 
on the role of the reticular system. Ferritin, taken up by 
pinocytosis from the subepithelial blood spaces, is concentrated 
in parts of the system and released through the reticular 
network to the surface of the cells between the apical micro­
villi. It seems therefore that the cells are capable of 
secreting material from the blood into the lumen of the kidney 
to be expelled from the body.
Cells with a much more extensive reticular system 
also occur in fish gills (Threadgold, 1967). Known as chloride 
secretory cells (Berridge & Oschmann, 1972) these cells are
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concerned with salt balance and secrete electrolytes.
Rostgaard and M^llgard (19 80) have reported similar reticular 
networks in the proximal tubule of the rat kidney. They are 
believed to constitute the so-called tubulo-cisternal endo­
plasmic reticulum (TER), thought to be implicated in trans- 
cellular transport mechanisms. Contact between the TER and 
the cell membrane was not however observed. Tiffany (1972a, 
1974) described another similar network in the 'glandular' 
kidney of Mercenaria campechiensis  that appears to open into 
the kidney lumen. It is apparent that the region Tiffany 
referred to as glandular is the proximal limb since its 
ultrastructure is identical to that of Scrobicularia.
Tiffany (19 74) also remarked on the similarities between 
these cells and those found in the kidney sac of the pulmonate 
Lymnaea stagnalis  (Bonga & Boer, 1969). In this instance the 
system is thought to be primarily involved with glycogen 
metabolism since large amounts of glycogen occur in the cells.
Cells of a type similar to those seen in Scrobicula ria 
have also been described as ciliated cells in the kidney of 
various monotocardian prosobranchs (Andrews, 1981) where they 
are believed to be concerned with transporting material 
across the epithelium in both directions, including particulate 
material from the blood and valuable solutes from the urine.
Thus it seems likely that the proximal limb of the 
kidney in bivalves is capable of modifying the primary urine 
by both secretion and resorption and may play a part in the 
salt balance of the animal, a factor which could be of
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importance to an animal such as Scrobicularia  in coping with 
extremes of salinity in its estuarine environment (Freeman & 
Rigler, 1957). A role in glycogen metabolism as suggested by 
Bonga and Boer for pulmonates is doubtful in Sc robicul aria 
since extensive glycogen deposits were not found. This 
contrasts however with the situation in Anodonta  where the 
cells of the 'proximal' limb of the kidney are laden with 
glycogen, and conversely the reticular system is greatly 
reduced by comparison with that of S c r o b i c u l a r i a. Experiments 
with ferritin on this species were inconclusive in determining 
whether there was any uptake from the blood into the cells.
The basal infoldings appear to be much more extensively 
developed in Anodonta  than in S c r o b i c u l a r i a, extending almost 
to the apical border of the cells.
It is clear therefore, from cytological detail that 
the 'proximal' limb of the kidney of Anodonta  is a site of 
active transport. Such a site was proposed by Picken (1937) 
who concluded that the excretory organs of Anodonta  are 
doing osmotic work in producing a relatively dilute urine 
by uptake of salt and, in doing so prevents its tissue from 
being subjected to oedema, a consequence that might be 
expected in a freshwater environment unless some regulatory 
measures were undertaken.
Assuming therefore that the proximal limb is 
responsible for resorption of ions it must also be relatively 
impermeable to the passive diffusion of water in order to 
produce hyposmotic urine. Working in such a manner the
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'proximal' limb of the kidney of Anodonta  might be regarded 
as similar in function to the distal convoluted tubule of 
the vertebrate kidney (Berridge & Oschmann, 1972). The manner 
in which water is prevented from being taken up by the cells 
is not understood. Andrews (1981) discussed the possibility 
that in freshwater prosobranchs specialized mucous secretions 
(mucoprotein/neutral mucopolysaccharide) from nephridial 
gland cells are capable of absorbing cations such as Na^ and 
hence reduce passive water uptake. In A n o d o n t a, but not 
Scrobicularia  f mucous cells do occur in both proximal and 
distal limbs of the kidney. It is thought however that 
these are typical mucous cells (acid mucopolysaccharide) which 
are involved in another function. Unlike the proximal limb 
of the kidney of S c r o b i c u l a r i a, yellow-brown excretory 
concretions occur in the proximal limb cells of A n o d o n t a .
It seems likely that the mucus may serve to bind together 
excreted concretions.
Odhner (1912) and later Fernau (1914) described 
concretions in cells of the distal limb of the kidney.
This has been verified at the ultrastructural level for 
both limbs of the kidney, which appear similar in several 
respects. The possibility that the two regions are linked 
by epithelium of essentially the same cell types must there­
fore be considered. The only major difference between the 
two appears to be the extensive development of the basal in­
foldings of the proximal limb which are absent in the shorter 
cuboidal cells of the distal limb. Apart from these
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differences both cell types possess cilia, microvilli, 
excretory concretions and glycogen stores. Thus the 
ultrastructural evidence reinforces the view previously 
discussed that the kidney of Anodonta  has become highly 
specialized and as a consequence it is difficult to compare 
it with that of most other species.
The question of homologies of so-called proximal 
and distal limbs of the kidneys of different species must 
now be considered. Before this however it is worth mentioning 
that an apparent trend may be seen in the functional layout 
of the regions of the kidneys in bivalves and other groups. y.- ^
The pathway through the kidney consists of an ion regulatory 
portion beyond which follows an excretory portion. A 
similar sequence has been described in prosobranchs by Andrews 
(1981). In this instance the nephridial gland is considered 
to be the ion regulatory portion of the kidney. As mentioned 
previously the ciliated cells found in this area closely 
resemble the proximal limb cells found in S c r o b i c u l a r i a .
The possibility that these two areas are analogous must 
therefore be considered. The proximal limb of the kidney of 
Anodonta  also has features of ion regulation. However the 
cells also appear to have an excretory function which is 
also continued in the distal limb. In Scrobic ul aria  typical 
vacuolated excretory cells (Potts, 1967) occur only in the 
distal limb. This being so it raises the question as to 
whether both proximal and distal limbs in Anodonta  correspond 
to the distal region of scrobicularia  (Fig. 26). If so.
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then Anodonta  may be considered to lack a proximal limb of 
the type seen in S c r o b i c u l a r i a. One possible explanation for 
this difference may be that the proximal limb in Scrobicularia 
is a development of the renopericardial canal and is of 
pericardial origin. Unfortunately it is difficult to clarify 
what developments have taken place when comparisons are 
made with the excretory regions of other species.
The cells of both limbs in Anodonta  are ciliated 
and contain irregular granular concretions which are membrane- 
bound and occasionally occur in vacuoles. The limited histo- 
chemical tests of this study indicate that lipofuscin is a 
major constituent of the concretions. Kato (19 60a) however, 
has identified melanin in similar concretions in the fresh­
water bivalve Corbicula j a p o n i c a. Greater variations occur 
however in marine species (reviewed by Brown, 19 82). In 
Scrobicu la ria  concretions were not found in the distal limb 
cells. Instead the apical vacuoles appeared to contain fine 
granular material. In paraffin sections most vacuoles look 
empty, though some contain material which is translucent with 
a slightly denser core surrounded by concentric rings.
Odhner (1912) also noted what he termed "finely-divided" 
concretions in Scrobiculari a  but failed somewhat surprisingly 
to find any similar structures in the closely related Tellina 
b a l t h i c a .
The composition of the contents of the vacuoles was 
not established in s c r o b i c u l a r i a, Andrews (1981) has however 
found similar deposits in marine monotocardian prosobranchs
3^0
such as Turritella which although histochemical tests have not 
been carried out on this genus may be accumulations of purines. 
She also emphasised the care that need be taken in dismissing 
vacuolated cells as appearing 'empty'. Since more solid 
concretions also occur in scrobicularia it seems reasonable 
to suppose that the fine deposits (invisible with the optical 
microscope) may be condensed into a form of excretory 
concretions, though this is not an essential preliminary to 
excretion. Vacuoles containing the granular deposits were 
seen in the process of apocrine secretion being 'nipped-off' 
into the kidney lumen. The absence of mucous cells in the 
kidney of Scrobicularia may stem from the lack of more solid 
concretions in the kidney as discussed previously when dealing 
with Anodonta. The resultant membrane-bound excretory 
spherules seen in scrobicularia are 'ready-packaged' and 
hence probably do not need a binding agent to help in their 
removal through the kidney.
The nature of the excretory vacuoles in Scrobicularia 
contrasts markedly with those found in Mercenaria mercenaria, 
Argopecten irradians (Doyle et al., 1978), Macrocallista 
nimbosa (Tiffany, 1979) and Pecten maximus (George et al.,
19 80) which have been found to contain extensive concretions 
of amorphous calcium phosphate. The function of such granules 
is not fully understood. George et al. (1980) ruled out a 
storage function since the concretions are excreted. It is 
thought however that nitrogenous excretory products may be 
combined with calcium salts to form excretory concretions.
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The subject of nitrogen excretion as a whole, and 
the role of the kidney and its excretory concretions in 
relation to that of other excretory pathways, has not been 
dealt with in this study and discussion is therefore limited.
Most analyses of waste products (reviewed by Potts, 
1967, 1968; Bayne, Widdow & Thompson, 1976) have concentrated 
on the identification and quantification of the products. 
Consideration of the site of excretion has been largely passed 
over in the experimental procedures used. One such method 
involves analysis of the water in which the animal is kept 
and consequently does not give information as to the source 
of the metabolites.
In the case of ammonia in solution the role of the 
kidney may be even more difficult to ascertain without 
actual analysis of the urine since almost any body surface 
in contact with the environment may offer a pathway for loss 
by passive diffusion (Allen & Garrett, 1971; Potts, 1975).
The ctenidia are probably more important in this respect since 
they provide a large surface area in contact with a constant 
flow of water - a situation that is ideal for passive 
diffusion of waste metabolites such as ammonia. Urea has 
been considered of limited importance since there is little 
evidence of it being excreted by bivalves (Needham, 1938).
Uric acid is also believed to be produced only in small 
quantities (Potts, 1967). It is interesting to note though, 
that uric acid has been located in the pericardial gland of 
Corbicula japonica (Kato, 1960b) thus again emphasising the
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importance of including the pericardial glands in any study 
of bivalve excretion.
The possibility that the kidney concretions may be 
influenced by tidal rhythms, feeding activity etc. has been 
briefly considered in Scrobicularia (Chapter VII). No 
conclusive evidence of cyclical deposition of concretions was 
found in animals examined at different times in the tidal 
cycle. As discussed previously in relation to the pericardial 
glands, this finding may be a further indication of the ability 
of Scrobicularia to remain active even when the tide is out.
The situation in My.tilus appears different again in 
that the 'granules' in the excretory cells contain varying 
amounts of metals taken up from the environment. George et 
al. (1976) showed that particulate iron (ferric hydroxide) 
accumulated in the kidney cells and was excreted. It should 
be mentioned that this result may not only apply to Mytilus 
but may also occur in other species with different types of 
concretions which have not been tested for this sort of 
activity. High concentrations of zinc and iron have also 
been reported (Lowe & Moore, 1979; George & Pirie, 1980) 
and it has been proposed that the detoxification of metal 
ions may be achieved in the kidney by compartmentation in 
the lysosomal-vacuolar systems of the cells.
The work on Mytilus in many respects complicates 
the role of the bivalve kidney. The ability to take up 
metals appears to be similar to ferritin abstraction in
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Scrobicularia by epithelial cells of the proximal limb. No 
ferritin was taken up by the distal limb excretory cells.
On this basis, it is possible that the whole kidney of 
Mytilus is equivalent to the proximal limb of the kidney of 
Scrobicularia. The cells called 'excretory' by Pirie and 
George (1979) and Moore et ai.(1980) in their ultrastructural 
studies do not resemble the more typical excretory cells 
with large apical vacuoles of other species.
It is clear that in many respects the kidneys of
Mytilus and Pecten do not conform to the 'generalized' bivalve
pattern of kidney organization.
In both the kidney structure appears highly modified, 
no doubt mainly due to differential growth in relation to 
the heteromyarian and monomyarian conditions (Yonge, 1953). 
Odhner (1912) has considered the straight unlooped kidney as 
the primitive form. Raven (1958) in discussing molluscan 
development has similarly considered species such as Mytilus 
as having straight kidneys which have not looped back upon 
themselves. However, an alternative explanation may be 
offered in which i^ is assumed that the originally straight ■ ^
duct is modified during development by an increase in 
growth rate of the proximal limb along the antero-posterior 
axis. The adult condition might be achieved by rapid 
differential growth of one side of this part of the duct 
(Fig. 27 a-d). In this interpretation the distal section of 
the coelomoduct would be vestigial and might be represented 
by a short region close to the external kidney opening.
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POSTERIOR ANTERIOR
pericardial
cavity
renopericardial
opening
kidney duct
kidney opening
b)
<
]  INCREASED GROWTH RATE
kidney develops 
posteriorly
d)
possible site for a 
vestigal distal limb
Fig.27. Diagraraatic representation of the development of the 
kidney of Mytilus edulis (a-d) from a straight duct 
under the influence of an antero-posterior differential 
growth pattern.
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Anodonta is even more specialized and 'atypical' in 
kidney organization, no doubt as a result of the demands 
imposed by the freshwater environment. For this reason it 
is probably one of the worst examples that could be chosen 
to illustrate the fine structure of a 'typical' bivalve 
kidney. Unfortunately, probably as a result of its wide 
availability and familiarity in teaching it has been held 
as a 'standard' on which other comparisons have been based. 
Consequently, many descriptions of bivalve kidneys have 
been 'fitted' into the Anodonta model with some very confusing 
results. Tiffany (1972a) clearly missed the significance of 
the proximal limb of the kidney in a wide variety of marine 
species, as a result of placing so much emphasis on the 
'glandular' portion of the kidney being, supposedly proximal 
as in An odonta. The 'Anodonta model' has even been used in 
interpretation of the kidney of Mytilus (Bayne et al., 1976), 
which is at the opposite end of the spectrum of kidney 
organization, resulting in a very misleading picture.
Scrobicularia may also have diverged from an idealized 
primitive model as a basis for comparison because of its 
specializations in relation to deposit feeding in an 
estuarine environment. However, since there is relatively 
little work at the ultrastructural level on bivalve kidneys 
it is considered that the kidney of scrobicularia with its 
distinct proximal and distal regions is closer in organization 
to that of an ancestral pattern, with which others should 
be compared, being somewhat midway in the modification of
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kidney organization.
In any future work it would be valuable to carry out 
further investigations on the kidney of genera such as Mytilus, 
Pecten and Wucula to establish conclusively whether there is 
just one excretory cell type in these kidneys or whether 
other types are also present. In Mytilus cells with 
conspicuous apical vacuoles, as seen in the distal limb of 
Scrobicularia, may be present in a vestigial distal limb 
possibly near to the kidney opening. In Pecten and Nucula 
which appear to have only excretory cells with conspicuous 
vacuoles, cells corresponding to the proximal limb of 
Scrobicularia may be present. In these latter examples 
particular attention must be payed to the renopericardial 
canal and its limits.
Finally, any work on bivalve kidneys must establish 
the following points before a complete picture of the 
organization can be synthesized :-
1. Is the kidney duct looped back upon itself, or is it 
apparently straight ?
2. What is the shape of the kidney ? How does this relate 
to overall body organization ?
3. What is the position of the posterior adductor muscle 
and pericardium in relation to the kidney ?
4. Where are the renopericardial openings in the 
pericardial cavity ?
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5. Are t±ie renopericardial openings and kidney openings 
close together ? If so, is this an indication that 
the kidney duct has looped back on itself ?
6. Can the kidney duct be differentiated into four 
regions as described in scrobicularia, i.e. 
renopericardial canal, proximal limb, distal limb 
and excretory duct leading to the kidney opening ?
7. Are the proximal and distal limbs (if present) lined 
by similar cells or do they show distinct histol­
ogical differences, i.e. are there cells equivalent 
to those described in Scrobicularia (Chapter III) ?
8. Are the walls of the kidney duct developed into 
folded regions or expanded ?
9. Are right and left kidneys interconnected ? If so, 
where does the confluence occur ?
10. Environmental studies dealing with the uptake of
trace metals should aim to locate the exact site of 
uptake within the kidney (relate to 7).
As more species are examined and some of the above 
points raised in this study are considered in more depth, 
supported by histochemical studies at both optical and 
ultrastructural levels it is hoped that a much clearer 
pattern of kidney organization and function may emerge in 
place of the rather unsatisfactory situation that exists 
at present.
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Appendix
Pericardial gland slit-diaphragm measurements (nm).
Anodonta cygnea
a b c
26,56 12.50 15.00
28.22 10.00 15.00
24.90 15.00 15.00
26.56 12.50 15.00
24.90 15.00 15.00
16.60 15.00 17.50
19.92 15.00 17.50
18.26 17.50 15.00
18.26 16.25 15.00
19.92 15.00 17.50
18.26 12.50 17.30
19.92 15.00 15.00
14.94 12.50 15.00
18.26 15.00 17.30
16.60 15.00 17.30
21.58 12.50 17.30
19.92 12.50 16.25
24.90 7.30 17.50
11.62 12.50 16.25
11.62 15.00 16.25
14.94 15.00 12.50
18.26 12.50 15.00
19.92 10.00 17.30
21.58 15.00 17.30
21.58 10.00 16.25
21.58 12.50 16.25
29.88 7.30 17.30
21.25 10.00 17.30
18.75 12.50 13.00
18.75 12.50 15.00
22.50 15.00 15.00
20.00
12.50
17.50
Mvtilus edulis
a b c
17.50 12.50 12.50
17.50 12.50 15.00
18.75 15.00 12.50
21.25 12.50 15.00
18.75 12.50 12.50
18.75 12.50 15.00
17.60 10.00 15.00
28.00 17.30 15.00
20.00 15.00 16.00
25.00 15.00 15.00
25.00 17.50 12.50
18.00 15.00 11.00
16.00 15.00 14.00
28.00 15.00 15.00
30.00 15.00 14.00
26.00 12.50 15.00
27.50 12.50 15.00
22.50 17.30 12.50
20.00 13.00 12.50
25.00 17.30 15.00
25.00 12.30 15.00
27.50 15.00 12.50
25.00 15.00 15.00
20.00 15.00 15.00
17.30 15.00 12.50
37.30 15.00 15.00
23.00 15.00 15.00
22.50 15.00 12.50
27.50 15.00 12.50
32.30 17.30 15.00
17.30 15.00 15.00
17.30 12.50 12.50
15.00 12.50 15.00
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